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PREFACE 


E ven though the papers gathered in this volume were planned 
and presented in a less critical time than that of the moment, 
their value is enhanced by circumstances which make infor- 
mation as to what constitutes optimal human nutrition of great 
practical importance. Currently, the most striking advances in 
nutritional knowledge center about the vitamins. If- we knew 
nothing more of these substances than their therapeutic value for 
such gross pathological conditions as scurvy, beriberi, and pellagra, 
the interest and extensive experimentation which they have evoked 
would be amply justified. However, as interest has turned to the 
specific action of these substances in the cell, their role has become 
more significant than first suspected. At the clinical level, also, con- 
ditions more subtle in their manifestation than the classical de- 
ficiency diseases now appear to be caused by functional disturbances 
associated with vitamin deficiencies. Perhaps even more striking is 
the fact that within the last decade investigations of the most varied 
type — studies of the growth requirements of bacteria, examinations 
of the nature of cellular respiration, clinical investigations of human 
nutritional deficiencies — ^have come to solutions involving the vita- 
mins as a common denominator. 

In recognition of this common interest in vitamins on the part of 
investigators in many fields, the universities of Chicago and Wiscon- 
sin joined in a S3anposium on the Respiratory Enzymes and the 
Biological Action of Vitamins in connection with the Fiftieth Anni- 
versary celebration of the University of Chicago. The S3nnposium 
was organized and directed by Professor T. R. Hogness, of the Uni- 
versity of Chicago, with the co-operation of Professor C. A. Elveh- 
jem, of the University of Wisconsin. The papers concerned with 
respiratory enzymes were presented at sessions held at Madison, 
September 11-13, ^ 94^1 the papers on the biological action of vita- 
mins were presented at Chicago, September 15-19, 1941. The sym- 
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posium is being printed in two volumes, the papers presented at 
Madison being published by the University of Wisconsin Press 
under the editorship of Professor Perry Wilson and the vitamin 
papers given at Chicago constituting the present volume. 

Both the Chicago session of the symposium and the publication 
of this volume were made possible by the financial aid of the Abbott 
Laboratories. It is a pleasure to acknowledge their generous support. 

The Editor 

March ii, 1942 
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THE BIOLOGICAL ACTION OF THE VITAMINS 


C. A. ELVEHJEM 

Department of Biochemistry, University of Wisconsin 

K LATIVELY little attention has been given to the specific 
function of vitamins in metabolism until very recently. 
However, the increased momentum during the past few 
years has more than compensated for any previous lag in this field. 

Early clinicians, I suppose, observed the biological action of vita- 
mins when they found that an abundance of liver was a remedy for 
night blindness or when they found, that green vegetables or fresh 
fruit juices gave relief in scurvy. They were interested, however, in 
healing the patient and gave little thought to the mechanism of 
these recoveries. 

The pioneer experimental workers in the field of vitamins did give 
some attention to the cause of the symptoms observed in the de- 
ficient animals. Eijkman (i), in 1897, on the basis of systematic ex- 
periments, was able to refute the theories that beriberi might be due 
to the presence of pathogenic organisms in rice, to a lack of me- 
chanical stimulation of the intestine, or to an insufficiency of total 
food. He suggested that beriberi is a state of intoxication brought 
about by the metabolism of excessive quantities of starch and that 
the silver skin of the rice contained a substance which would counter- 
act the toxic products of the disturbed metabolism. Later, in 1906, 
Eijkman (2) agreed with Grijn's conception of beriberi, that there is 
present in rice polishings a substance indispensable to health. 

In 1911 Hart, McCollum, Steenbock, and Humphrey (3), from 
studies with calves on rations balanced from restricted sources, were 
led to postulate an inherent toxicity in the wheat grain. This toxicity 
was overcome by something in a variety of forages. In 1924 they (4) 
were able to show conclusively that these results, observed by them 
seventeen years previously, represented a t3rpical vitamin-A de- 
ficiency brought about by the very low amount of vitamin A in 
wheat grain. 
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More recently we have seen a similar story in the case of egg-white 
toxicity and biotin. Practically all workers who have studied this 
syndrome since it was first described by Boas (5) in 1927 have 
referred to it as some form of toxicity. Parsons and Kelly (6) con- 
cluded that the dermatitis in rats fed egg white was dependent upon 
an interrelation between a positive toxicity and a relative absence of 
a protective factor. Today, owing to the work of Gyorgy, Rose, 
Eakin, Snell, and Williams (7), we know that egg white does not 
effect the metabolic processes in the animal itself but that egg white 
combines with biotin in the intestinal tract, preventing absorption 
and thereby producing a biotin-deficiency syndrome. The conclu- 
sions reached by many of the early workers were not surprising, since 
at the end of the past century Pasteur had shown that epidemic 
diseases were caused by microorganisms, and it seemed that every 
disease must have its positive causative agent. 

Interest in the biological action of vitamins became secondary 
when concentrates of these illusive substances were made. In 1911 
Funk (8) obtained a potent concentrate of what we know today as 
‘‘thiamine.” It is interesting to note that 'Funk used beriberi in 
pigeons for his assay work. He was more interested, however, in the 
chemistry of his concentrates than in the physiological action of the 
vitamins. 

Shortly after these studies by Funk we reached another stage in 
the experimental work on vitamins. Here, the activity of these fac- 
tors was evaluated in terms of growth. I imagine the real impetus for 
such studies came from Hopkins (9) when he showed the very sig- 
nificant effect of the addition of a few centimeters of milk to a syn- 
thetic diet. I am quite sure that the carefully drawn curves pub- 
lished by him in the Journal of Physiology did much to stimulate the 
extensive use of growth curves by nutrition workers. About the 
time I entered the nutrition field, half of our time was spent with 
graph paper and India ink. 

It remained for McCollum and co-workers to show that both 
vitamin A and vitamin B could be measured on the basis of growth 
in rats on purified rations. All the early work on the additional 
members of B complex was based on growth responses in rats and 
chicks. Even vitamin C was measured to some extent through 
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growth experiments with guinea pigs. The vitamins were called 
‘‘growth factors/’ and Sherman did much to put these growth re- 
sponses on a quantitative basis. Sherman and Smith (lo) state: 

Thus by 1920 it was well established that the normal growth of the young, at 
least in the human and some other species, demands adequate suppilies of at 
least three substances believed to be identical with the substances which are 
essential to the prevention of the three “deficiency diseases’’ of scurvy, beriberi, 
and the characteristic ophthalmia. 

It was convenient to use growth, since this procedure did not re- 
quire the actual production of symptoms or the necessity of purify- 
ing the basal rations to such a great extent. We now know that these 
methods produced results because they allowed the isolation and 
production of pure vitamins. Great effort went into the work on the 
chemistry of the vitamins, but progress was not phenomenal until 
the scientific efforts in this field ^nd those in the field of respiratory 
enzymes collided. We are still busy following the sparks from this 
impact. 

I should like, therefore, to divide my paper into two parts: first, a 
discussion of the studies on the biological action of vitamins before 
the relationship between vitamins and respiratory enzymes was 
recognized; and, second, a brief outline of the developments during 
the past few years. 

Among the first attempts to understand the action of vitamins 
was the histological study of tissues from vitamin-deficient animals. 
These studies had a profound effect on all future work since they 
indicated how the absence of a minute trace of a nutrient could pro- 
duce a complete change in the structure of certain tissues. We must 
not underestimate the significance of the knowledge which has ac- 
cumulated from histological studies on deficiency diseases, but I be- 
lieve we are safe in saying that these studies alone have not allowed 
us to elucidate the exact mechanism of vitamin activity. 

The degeneration of the myelin sheaths of peripheral nerves de- 
scribed from forty to fifty years ago both in human cases of beriberi 
and in birds suffering from polyneuritis represents a classical obser- 
vation. However, such observations did not help to stimulate inter- 
est in the action of vitamin B in every tissue of the body — an effect 
we know to be true today. They also tended to relate all the struc- 
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tural changes occurring in beriberi to a lack of vitamin Bi. There 
may still be some differences of opinion on this point, but I believe 
everyone is willing to recognize that many of the deficiency diseases 
in both humans and experimental animals are multiple deficiencies. 

Histological studies in vitamin-A deficiency are more recent than 
those involving vitamin B, and they have been more extensive. The 
characteristic metaplasia which epithelial tissues in any part of the 
body may undergo in this deficiency did help in delocalizing the 
action of vitamins, but to date we still do not know how a molecule 
of vitamin A functions. 

It is well known that vitamin D is specifically concerned with the 
calcification of growing bones; and I suppose few tissues have been 
studied more thoroughly, from both a histological and a chemical 
point of view, than this tissue, but we still do not know how vitamin 
D is related to the final stage of calcification. The histological studies 
on vitamin-C deficiency have produced a somewhat clearer picture. 
The lack of formation of intercellular material may depend upon the 
specific effect of vitamin C on the physical character of the inter- 
cellular fluids. However, the function of vitamin C in plant cells can- 
not be explained on this basis. In the case of vitamin E, we need 
only to mention the fact that much of the early work was limited to 
histological changes during embryonic growth and in reproductive 
organs, while today the action of vitamin E is also extended to other 
tissues as well. 

Since most of the early work on vitamins was carried out in rela- 
tion to animals, it is not surprising that a functional relation between 
vitamins and hormones was suggested. As late as 1935 Pende, 
quoted by Rolleston (11), considered that vitamin A stimulated the 
sex hormones and inhibited the th3Toid, that vitamin B stimulated 
the secretion of insulin and inhibited that of the adrenals, that vita- 
min C stimulated the adrenal cortex to secrete, and that vitamin D 
stimulated the th3rroid to secrete. As far as I know, none of these 
relationships has been established. Baumann and Moore (12) state 
that stringent proof would appear to be necessary before a specific 
and constant, as opposed to an accidental and occasional, relation- 
ship between vitapiin A and thyroxine is assumed. It is true that 
both vitamin D and parathormone are related to calcium metabo- 
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lism; but Kozelka, Hart, and Bohstedt (13) showed, as early as 1933, 
that vitamin D functions normally in the absence of the parathyroid 
glands. The supposed relationship of vitamins to the hormones of 
the adrenal gland has been based upon the high concentrations of 
certain vitamins in this gland and the changes in the adrenals during 
avitaminosis. Grollman and Firor (14) have presented evidence 
against the view expressed by many workers that there exists a par- 
ticularly intimate relation between the vitamins and the adrenals. 
There has been much interest in the connection of vitamin E with 
the sex hormones, but at present the most significant relation is the 
change in the pituitary during vitamin-E deficiency. There appears 
to be a change in both the thyrotropic and gonadotropic activity of 
the pituitary in the absence of vitamin E. While these studies have 
given us no clear-cut evidence on the action of vitamins, it is logical 
to assume that definite relationships will be established when we 
know more about the specific action of both the hormones and the 
vitamins. Thus hyperthyroidism is known to reduce the cocarbox- 
ylase and cozymase content of rat tissues. 

The relation of vitamins and enzymes was suggested not merely 
from a functional point of view but on the basis of chemical similar- 
ity. Seidell (15), in 1921, stated that, aside from a possibly signifi- 
cant degree of dialyzability, there is no outstanding evidence that 
vitamins should not be classified with the enzymes. This statement 
is interesting in light of our present knowledge that at least some of 
the vitamins function as prosthetic groups in enzymes. When meth- 
ods were developed for determining the tnzyme content of various 
tissues, it was not surprising that these methods were applied to 
tissues from vitamin-deficient animals. Green (16) reported in 1934 
that vitamin-A deficiency brings about a pronounced fall in the 
esterase content of the blood serum. Sure et ah (17), in 1939, veri- 
fied this finding and also observed a decrease in liver esterase and 
lipase. However, Green concludes that there is reason for consider- 
ing the change in the serum a secondary change, and one unlikely to 
throw direct light on the physiology of vitamin A. A more specific 
relation of vitamin A and enzymes comes from the work of Wald 
which suggests that visual purple is a conjugated protein with vita- 
min A as the prosthetic group. Whether vitamin A functions as a 
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prosthetic group with proteins in other tissues is, of course, un- 
known. 

There has been good reason to associate vitamin C with various 
enzymes. Both ascorbic acid and dehydroascorbic acid exert stimu- 
latory or inhibitory effects on many of the proteolytic and oxidizing 
enzymes. The fact that vitamin C can be readily oxidized and re- 
duced and that specific enzymes have been demonstrated for both its 
oxidation and its reduction by SH-glutathione certainly suggests 
that it may serve as a hydrogen carrier. Crook (i8) has recently given 
special emphasis to its role in this connection. Its close connection 
to glutathione, which for a time was the only so-called “autoxidiz- 
able’’ material extracted from animal tissues, further emphasized its 
role in oxidative mechanisms. Although much has been learned 
about the chemical role of vitamin C in these reactions, its function 
in animal tissues is still not clear. The recent paper by James, James, 
and Bunting (19), who find that lactic acid is not oxidized by cell- 
free barley sap alone, but that upon the addition of ascorbic acid 
rapid oxidation takes place, gives this vitamin a definite role in plant 
metabolism. 

A high plasma phosphatase in vitamin-D deficiency has been 
recognized for ten years, but this is undoubtedly a secondary effect 
due to loss of phosphatase from the rachitic bones rather than to a 
direct relationship between the vitamin and the enzyme. Presnell 
(20) has reported a decrease in the oxygen uptake of the skin of 
rachitic rats, and other workers have reported a stimulatory effect 
of vitamin D on general metabolism; but no direct effect on any 
enz3mies has been observed. 

The most fruitful studies on the relation of vitamins to enzymes 
were those involving vitamin Bi. Early in vitro studies yielded con- 
flicting results due largely, I believe, to the fact that total respira- 
tion, rather than changes in individual systems, was studied. 
During the first part of the last decade, work in Peters^ laboratory 
at Oxford and in our laboratory at Madison led to the slow ac- 
cumulation of data showing that the rate of metabolism of lactic 
and pyruvic acids was reduced in brain tissue from polyneuritic 
animals and that the addition of vitamin Bi concentrates stimulated 
both oxygen uptake and removal of these substrates. Anothk im- 
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portant observation was the fact that similar changes were found to 
take place in other tissues, such as kidney, heart, and liver. Thus, 
vitamin Bi did not function specifically in nervous tissues but af- 
fected metabolism in general. 

At this point it might be well to mention the role that yeast and 
microorganisms played in emphasizing the relation of vitamins to 
enzymes. The part played by microorganisms in the recent work — 
not only on the biological action of vitamins but also on the actual 
recognition of vitamins — is well known; but, if we look back twenty 
years, we find that studies even at that time had some influence. In 
1919 Williams (21) concluded that the substance or substances 
which stimulate the growth of yeast are identical with the substance 
or substances which in animal nutrition prevent beriberi, or poly- 
neuritis. Similar results were obtained by Abderhalden and by 
Bachmann. These announcements resulted in much controversy, 
due undoubtedly to variations in the strains of yeast used and to the 
lack of other growth factors, but I have found no criticism based on 
the fact that yeast cells did not have a nervous system. This indi- 
cates perhaps the extent of interest in the mechanism of vitamin 
activity at that time. Conclusive evidence for the effect of vitamin 
Bi on yeast growth did not come until 1930, but the fact that yeast 
was such a good source of vitamin B, did lead to certain suggestions 
regarding the general influence of vitamin B, in metabolism. 

The early studies on the anaerobic breakdown of carbohydrates in 
both yeast cells and muscle tissue, which led finally to the Embden- 
Meyerhof-Parnas scheme of glycolysis, did much to help transfer 
ideas from yeast studies to those involving vitamin activity in 
animal cells. In 1906 Harden and Young emphasized the importance 
of organic dialyzable substances in yeast fermentation and called 
these substances '‘coenzymes.^’ In 1918 Meyerhof found the co- 
enzyme of yeast in a number of animal tissues. Work on the nature 
and number of natural activators participating in fermentation 
processes continued with little interest from the vitamin workers. 
Myrback and von Euler by 1931 had a fairly pure preparation of 
cozymase and showed that it was different from yeast and muscle 
adenylic acid as well as adenosine triphosphate, which had been char- 
acterized about the same time by Lohmann. About this same time 
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considerable attention was being paid to the dehydrogenase type of 
enzymes, but more information was available about the dehydro- 
genases in bacteria than those in yeast. In spite of the meager 
knowledge concerning dehydrogenases in yeast, the more or less 
direct relation between dehydrogenases and the coenzymes was soon 
recognized. The necessity of a coenz)nne for the oxidation of lactic 
acid by lactic dehydrogenase of animal tissues was shown by Szent- 
Gyorgy in 1925. Banga and Szent-Gybrgy obtained a fairly pure 
preparation of this coenzyme and concluded that it was not identical 
with muscle adenylic acid or adenosine triphosphate. The relation 
between vitamin Bj and lactic acid dehydrogenase coenzyme was 
suggested in papers from Peters’ laboratory in both 1932 and 1933. 
However, both Boyland and Birch and Mann (22) showed that co- 
enzyme preparations showed little or no vitamin-Bi activity. Thus, 
as late as 1934 there was no clear-cut evidence for a direct relation- 
ship between vitamins and enzyme systems. 

While the vitamin workers were busy with their animals, a rela- 
tively new subject was being introduced into the field of enzymes — 
respiratory enzymes. Oxidases had been studied, but the importance 
of these in total tissue respiration were not recognized until the work 
of Warburg. According to his theory, the primary reaction of 
respiration is the reaction between molecular oxygen and iron. War- 
burg used the name Atmungsferment for the catalytically active iron 
compounds involved in cellular respiration. This was followed by 
Keilin’s work on cytochrome, which not only emphasized the im- 
portance of iron compounds but showed that bacteria, yeast, plants, 
and animals contained similar respiratory pigments. Even gluta- 
thione, the first auto-oxidizable material to be isolated from living 
matter, was found to be oxidizable only in the presence of traces of 
iron or copper. Catalase and peroxidase were shown to be iron com- 
pounds. These results gave little stimulus to studies on biological 
action of vitamins. 

Then came the discovery of Warburg and Christian (23) in 1932 
which opened an entirely new group of relationships. That this dis- 
covery came from Warburg’s laboratory is especially interesting, be- 
cause no one had championed a single iron-containing respiratory 
enzyme in all aerobic cells more than Warburg. Warburg and Chris- 
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tian found that a combination of a preparation of the yellow enzyme 
from yeast, a second enzyme prepared from yeast, and a coenzyme 
obtained from the red blood corpuscles of horse blood was capable 
of catalyzing the oxidation of hexose monophosphate. The yellow 
enzyme, by virtue of its ability to be reduced and oxidized, acted as 
an oxygen transport agent between molecular oxygen and the sub- 
strates. 

This yellow enzyme contained riboflavin as the prosthetic group. 
The relation of the observations on the yellow enzymes to vitamin 
studies was not obvious until Kuhn and co-workers demonstrated 
that pure riboflavin stimulated growth in rats on diets low in vita- 
min Ba. The real significance of these findings was not accepted as 
rapidly as one would expect in light of our present knowledge, large- 
ly because riboflavin was considered to be vitamin Ba and because 
vitamin Ba had been firmly related to the antipellagra factor. It was 
evident from work in our laboratory that riboflavin concentrates 
would not cure blacktongue in dogs. However, the rapidity with 
which riboflavin became available in pure form made it possible to 
establish its physiological function in a variety of animal species. At 
first, uncomplicated riboflavin deficiencies in animals were not 
easy to produce, but we now have a greater variety of symptoms 
noted for riboflavin deficiency than for any of the other vitamins. 

Although there is considerable question about the role of the yel- 
low enzyme described by Warburg and Christian in living tissues, 
there is no question about the importance of other riboflavin-con- 
taining enzymes, such as d-amino acid oxidase, xanthine oxidase, 
and cytochrome reductase. Axelrod (24) has demonstrated a very 
significant decrease in the d-amino acid oxidase and xanthine oxi- 
dase content of tissues from rats suffering from riboflavin deficiency. 
Very recently Axelrod and Potter found a decrease in the succinoxi- 
dase activity in tissues from rats on low riboflavin diets, which may 
indicate that succinic acid dehydrogenase is a flavoprotein. As far as 
I know, no studies have been made on cytochrome reductase 
changes during a riboflavin deficiency. This would also be an inter- 
esting problem. 

Orla-Jensen et al.y in 1936, and Wood, Anderson, and Workman, 
in 1937 (reviewed by Snell, Strong, and Peterson [25]), found ribo- 
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flavin to be essential for the lactic and propionic acid bacteria; but 
I know of no studies on the specific function of riboflavin in micro- 
organisms except those of Pett (26) which show changes in the 
riboflavin content of yeast grown with cyanide and those of Lipmann 
(27) involving the bacterial pyruvate oxidase system. 

Warburg, in his enzyme system, used a coenzyme prepared from 
red blood corpuscles. Today we recognize this compound as co- 
enzyme II. In 1935 he isolated and characterized the coenzyme as a 
dinucleotide consisting of adenine, pentose, phosphoric acid, and nico- 
tinic acid amide. Von Euler and his co-workers had been working on 
cozymase from yeast, and in the same year both von Euler and War- 
burg isolated nicotinic acid amide from the cozymase after hydrol- 
ysis. The two coenzymes differed only in the number of phosphoric 
acid molecules. This work then introduced a new chemical compo- 
nent of the coenzymes and naturally attracted attention in nutrition 
circles, especially since nicotinic acid had been isolated by Funk 
from yeast concentrates which possessed antineuritic activity. In 
our laboratory I well remember the enthusiasm with which Max 
Schultze suggested that we try nicotinic acid in some of our rat 
studies. Frost did try both the acid and the amide, but the results 
were far from encouraging. It is easy to understand now why our 
results, as well as those in several other laboratories, were negative. 

The bacteriologists were more successful in demonstrating the 
nutritional significance of these compounds. In 1937 Lwoff and 
Lwoff (28) showed that the growth factor V for Hemophilus para- 
influenzae could be replaced by either cozymase or Warburg^s co- 
enzyme but that nicotinic acid or amide were inactive. They also 
showed that the oxygen uptake and aerobic and anaerobic glycolysis 
could be increased by adding the coenzyme to the bacteria grown 
in the presence of only small amounts of the V factor. Similar results 
were obtained when they used specific substrates such as pyruvate, 
fumarate, malate, alcohol, etc. Knight (29) showed that nicotinic 
acid could function as a growth factor for Staphylococcus aureus^ and 
Mueller (30) showed it to be active for diphtheria bacillus. The 
activity of nicotinic acid in blacktongue was demonstrated the same 
year. It is interesting that nicotinic acid as such was fed to black- 
tongue dogs just one month before nicotinic acid amide was isolated 
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from liver concentrates showing high anti-blacktongue activity. 
Thus it appears to be just as difficult to devise the proper conditions 
in which to demonstrate the physiological role of a known compound 
as it is to find the compound in a preparation known to have physio- 
logical activity. 

As soon as the nutritional significance of nicotinic acid was recog- 
nized, it was assumed that its function in the animal body must be 
related to coenzymes I and II. In our laboratory no changes could 
be detected in the blood, but significant decreases were found in the 
cozymase content of the liver and muscle from dogs and pigs kept 
on nicotinic acid deficient diets. Similar results were observed by 
Kohn, Klein, and Dann (31), who measured the V-f actor values of 
the tissues. Comparable data have been obtained in the case of 
humans. Studies on coenzyme II have not been carried out. These 
results would suggest that nicotinic acid functions specifically as a 
precursor of the coenzymes. 

Working with dysentery bacilli, Saunders, Dorfman, and Koser 
(32) have come to the conclusion that nicotinamide is concerned in 
cellular metabolism in some way in addition to the formation of the 
pyridine nucleotides. Mann and Quastel (33) have recently reported 
that brain tissue and, to a lesser extent, liver and kidney are able to 
break down cozymase at a rapid rate. The presence of nicotinamide 
inhibits the breakdown of cozymase probably by competition with 
cozymase for the nucleotidase. This work may have some bearing 
on the results of Saunders et al, and certainly emphasizes the precau- 
tions necessary in cozymase determination in tissues. 

We may now return to vitamin Bj for a moment. While these 
studies were being carried out, Williams and co-workers isolated, 
characterized, and synthesized thiamine. Synthetic thiamine be- 
came available in 1936 and did much to further the work on the 
biological action of this compound. In 1912 Neuberg reported the 
presence in yeast of an enzyme, called carboxylase, which catalyzed 
the decarboxylation of a-keto acids. In 1932 Auhagen, working in 
von Euler^s laboratory, split the enzyme into a protein component 
and a thermostable factor cocarboxylase. In 1932 Simola investi- 
gated the coenzyme content of the tissues from rats suffering from a 
complicated vitamin-B deficiency and concluded that the cozymase 
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content was not reduced but that the cocarboxylase content was 
lowered. The significance of this work was not realized until five 
years later, when Lohmann and Schuster found that cocarboxylase 
was the pyrophosphoric acid ester of thiamine. There is today no 
question about the reduction in the cocarboxylase content of tissues 
from animals suffering from uncomplicated vitamin-Bi deficiency, 
but we still do not have a complete understanding of the action of 
cocarboxylase in the animal body. Green, Herbert, and Subrahman- 
yan (34) have isolated carboxylase from brewers’ top yeast and 
found it to be diphospho thiamine-magnesium-protein. Carboxylases 
have recently been prepared from bacteria by Silverman and Werk- 
man (35), and animal tissues by Green ei al. (36). 

Pyridoxine is one factor which was recognized purely on a 
nutritional basis. Its existence was first suggested by Gyorgy in 
1934, based on the fact that certain concentrates from yeast cured 
a specific dermatitis in the rat. Orthodox chemical procedures 
led to its isolation and synthesis. As far as I know, its specific bio- 
logical action is not known. Its function has been associated with a 
specific dermatitis in the rat, but in our laboratory we seldom see 
any dermatitis in rats fed on diets low in pyridoxine but containing 
adequate linoleic acid and the usual 18 per cent casein. Halliday 
(37) has reported an increased fat content of the liver from rats de- 
ficient in pyridoxine, and McHenry and Gavin (38) have reported an 
increased amount of body fat after feeding pyridoxine to rats on 
diets high in protein. Thus it appears that this vitamin may be re- 
lated both to protein and to fat metabolism. 

In dogs a low intake of this vitamin produces a typical microcytic 
h3qx)chromic anemia which responds rapidly to the administration 
of pyridoxine. It is most interesting that serum iron increases to 
very high levels during the anemia and decreases to normal as soon 
as the vitamin is given. Swingle, in our laboratory, has studied the 
various respiratory enzymes during a pyridoxine deficiency both in 
rats and chicks, but to date he has obtained no significant changes. 
Pyridoxine has a stimulatory, effect on the growth of yeast and many 
bacteria, but again no suggestions regarding its action have been 
obtained. ^ 

The first indication of the existence of pantothenic acid comes 



THE BIOLOGICAL ACTION OF THE VITAMINS 13 

from work on yeast by Williams in 1931. Later it was shown to be 
essential for lactic acid bacteria, and in 1939 it was shown to be ac- 
tive in the prevention of a chick dermatitis which had been recog- 
nized since 1930. It is now known to be essential for growth in rats, 
dogSj pigs, and monkeys. However, we still know little about its 
biological action. The relation of pantothenic acid to dermatitis in 
chicks is interesting, especially since a lack of biotin also produces 
a dermatitis in chicks. In rats we have an interesting relationship 
between pantothenic acid and the adrenals. Pratt and Williams (39) 
have shown that pantothenic acid affects fermentation by both 
nonliving and living systems. Last fall Axelrod was studying the 
respiratory enzymes in tissues from rats suffering from pantothenic 
acid deficiency and obtained a very significant increase in the 
succinoxidase system in liver when he added calcium pantothenate. 
Unfortunately, this response turned out to be a calcium, rather than 
a pantothenic acid, effect. 

It is unnecessary in this introductory paper to continue to list the 
newer factors, since other papers in the symposium will bring out in- 
formation about these compounds. 

I might mention the early paper by Allison, Hoover, and Burk 
(40) on coenzyme R, since it is now well established that coenzyme R 
and biotin are identical. They showed that the root-nodule bacteria 
failed to reproduce or to grow appreciably in the absence of co- 
enzyme R because of their inability to respire. Although these ob- 
servations were made eight years ago, the exact function of biotin 
in tissue respiration is still unknown. Friedman and Mattill (41) 
have observed an increased oxygen uptake in the muscle tissues 
during vitamin-E deficiency. 

Although this survey is very incomplete, I think it is obvious that 
definite relationships have already been established between certain 
vitamins and certain enzyme, systems, and there are numerous indi- 
cations that additional similar relationships will be established in the 
future. However, we should not be too elated over the progress that 
has been made so far, for two reasons: First, we must recognize 
that, of the entire group of vitamins, a direct relationship with 
enzymatic function has been established only in the case of three 
vitamins: thiamine, riboflavin, and nicotinic acid. Second, in spite 
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of the fact that these definite relationships have been established, we 
still do not know how the enz)anatic changes are related to the 
S3miptoms observed. 

In the case of thiamine, the mechanism is fairly clear; and we must 
return, to some extent at least, to the older idea of toxicity. Thus 
Peters (42) states: ‘‘Surely it is more possible to understand how 
pathologically the brain in its metabolism may not only be subjected 
to the action of toxins (the usual view) but occasionally fail owing 
to self poisoning with its own misguided machinery.” 

The large number of enzymes which appear to contain riboflavin 
may explain the variety of symptoms that have been observed dur- 
ing riboflavin deficiency. However, we still do not know if it is a 
decrease in the ^/-amino acid oxidase which causes degeneration of the 
sciatic nerves, if the xanthine oxidase decrease causes cheilosis, if 
a decrease in the cytochrome reductase causes cataract, or if the 
ocular symptoms are related to changes in succinoxidase. 

In the case of nicotinic acid, the level of coenzymes is definitely 
reduced in striated muscle and in liver, and changes in the oxidative 
metabolism of liver, muscle, and kidney can' be detected; but we do 
not understand the relation of these phenomena to the onset of 
blacktongue in dogs or pellagra in humans. However, exact studies 
on the relation of these changes to the actual infection of the tissues 
in the mouth of a blacktongue dog by microorganisms may do 
much to help explain the larger problem of the relationship of nutri- 
tion to infectious diseases. 

In conclusion, I want to mention one additional biological effect 
of vitamins in the animal organism, and that is the effect of vitamins 
on the growth of microorganisms in the digestive tract. We know 
that many vitamins stimulate certain microorganisms and that, in 
turn, certain of these organisms can synthesize additional vitamins. 
In many cases the compounds formed by the bacteria or yeast must 
be available for assimilation by the animal. In our laboratory. Black 
has shown that sulfaguanadine inhibits the growth of rats given the 
known synthetic vitamins. More work is necessary to explain this 
effect completely. On the other hand, we have the very interesting 
results of Williams on the interrelation of various vitamins on yeast. 
He states that a balance, or even an antagonism, between various 
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nutrilites is repeatedly observed. Further studies in this field may 
not elucidate the fundamental mechanisms, but I am sure such in- 
formation will be very helpful in our understanding of complete 
nutrition, 
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COCARBOXYLASE 


SEVERO OCHOA 

Department of Pharmacology, Washington University School of Medicine, St. Louis 

I N 1911 Neuberg and Karczag (i) reported the presence in yeast 
of carboxylase, an enzyme which catalyzed the decarboxylation 
of pyruvic acid to acetaldehyde and carbon dioxide; the crude 
enzyme also attacked other a-ketoacids (2, 3). Auhagen (4, 5) 
showed in 1932 that carboxylase required for its activity a thermo- 
stable coenzyme, cocarboxylase, which could be removed from yeast 
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by washing with alkaline phosphate; he also demonstrated the 
presence of cocarboxylase in animal tissues. Simola (6) observed in 
the same year that there was a decreased content of cocarboxylase 
in the tissues of animals suffering from a deficiency of the vitamin B 
complex. In 1937 Lohmann and Schuster (7) isolated cocarboxylase 
from yeast as the crystalline hydrochloride and demonstrated that 
it was a pyrophosphoric ester of vitamin Bi.* In the following pages 
cocarboxylase will be referred to as “thiamine pyrophosphate” or 
“diphosphothiamine.” One of the two molecules of phosphoric acid 
in diphosphothiamine (Fig. i) is easily hydrolyzable; it is split off 

» Kinnersley and Peters (8) observed in 1928 that there was a form of thiamine in 
yeast which, unlike free thiamine, was precipitated by lead acetate. 
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in 1$ minutes by hydrolysis in i.oNHCl at ioo°, and more slowly 
by the action of phosphatases prepared from kidney. The resulting 
compound (thiamine monophosphate) will not function as cocar- 
boxylase. The second phosphoric acid molecule is difficult to hy- 
drolyze, although it is removed after long incubation with phos- 
phatase preparations when thiamine can be isolated from the 
reaction mixture. Upon saponification with alkali the two molecules 
of phosphoric acid are partly split off as inorganic pyrophosphate. 
When split by Williams’ sulfite treatment, diphosphothiamine yields 
the same pyrimidine sulphonic acid as does thiamine together with 
thiazole pyrophosphate (7). Owing to esterification of the alcoholic 
group of the thiazole, the thiamine phosphates do not give the formal- 
dehyde-azo reaction of free thiamine; but, by oxidation with alkaline 
ferricyanide, they form blue fluorescing phosphorylated thiochromes 
which differ from thiochrome itself (9) in that they are not soluble 
in butyl alcohol. Thiamine pyrophosphate has been prepared syn- 
thetically by phosphorylating thiamine with POClj (10), with con- 
centrated pyrophosphoric acid (11, 12), or, with pyrophosphoryl 
chloride (13) and by the condensation of the bromo-derivative of 
thiamine and silver pyrophosphate (14). 

While carboxylase requires both diphosphothiamine and mag- 
nesium ions for its action, the latter can be replaced by manganese 
to give even more active preparations. Other divalent cations, such 
as Fe"*^, Ca++, Zn++, Cd++, and Co++, also have some activity (15). 
Carboxylase has recently been obtained in a highly purified form by 
Green, Herbert, and Subrahmanyan (15) and by Kubowitz and 
Lutgens (i6) and has been found to be a protein-diphospho thiamine- 
magnesium compound. The molecular weight of the protein portion 
is given by Kubowitz and Lutgens as 75,000. The three components 
are firmly united between pH 5 and pH 6 but dissociate at pH higher 
than 8.0. Diphosphothiamine is apparently attached to the enzyme 
protein in part through its pyrophosphate group. Both adenosine 
triphosphate (17) and thiazole pyrophosphate (18) inhibit carbox- 
ylase, presumably by competing with diphosphothiamine for the 
enzyme protein. The mechanism of action of cocarboxylase is still 
unknown. Weil-Malherbe (19) proposed a hypothesis based on the 
mechanism of decarboxylation postulated by Langenbeck (20), but 
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Stern and Melnick (13) could find no evidence in favor of a Langen- 
beck cycle involving the amino group of diphosphothiamine. 

Although both thiamine and monophosphothiamine are inactive 
as cocarboxylase, they can increase the effectiveness of the latter in 
certain preparations of alkaline-washed yeast. The pyrimidine por- 
tion of thiamine produces the same effect, provided that its amino 
group is intact (21). This ‘‘activation” seems to be due to inhibition 
of a yeast phosphatase which deposphorylates diphosphothiamine 
(22., 23), or to combination with proteins which convert diphospho- 
thiamine into an inactive compound (24), or possibly to both causes. 
The effect seems to have no physiological significance. Nevertheless, 
the “activation” has proved of value in a method using yeast for the 
separate determination of cocarboxylase and thiamine in biological 
materials (25). 

The discovery that cocarboxylase is a thiamine derivative was of 
enormous significance, since the work of R. A. Peters and his as- 
sociates in Oxford (26, 27) had shown that thiamine is concerned 
with the metabolism of pyruvic acid in animal tissues. This work 
was confirmed by Sherman and Elvehjem (28). Apparently, animal 
tissues and certain bacteria do not decarboxylate pyruvic acid to 
acetaldehyde and carbon dioxide, as yeast does, but by a process in 
which the decarboxylation is accompanied by dehydrogenation. The 
simplest reaction is an oxidative decarboxylation of pyruvic acid to 
acetic acid and carbon dioxide (29, 30) ; anaerobically, two molecules 
of pyruvic acid may react by dismutation to give lactic acid, acetic 
acid, and carbon dioxide (31, 32, 33, 29, 30, 34). In most animal 
tissues pyruvic acid is completely oxidized to carbon dioxide and 
water (35, 36). Green et ah (37) have reported quite recently that 
certain tissue preparations can bring about a pure decarboxylation 
of pyruvic and a-ketoglutaric acids. 

Lipmann showed in 1937 (29) that dry acetone preparations of 
lactic acid bacteria {Lactobacillus delbrUckii)^ which catalyze the 
oxidative decarboxylation as well as the dismutation of pyruvic acid, 
could be inactivated by washing with alkaline phosphate and reacti- 
vated by the addition of diphosphothiamine but not by free thiamine. 
In animal tissues, likewise, thiamine pyrophosphate, and not thia- 
mine, is the active agent in pyruvate oxidation. 
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The main object of this paper is to make a study of the role of 
diphosphothiamine in animal-tissue metabolism, a study which can 
conveniently be divided into the following sections: (i) the distribu- 
tion of thiamine and diphosphothiamine in normal and pol3meuritic 
tissues; (2) the enzymatic phosphorylation of thiamine; (3) the ac- 
tive form of thiamine in pyruvic acid oxidation; (4) the pyruvic acid 
oxidation system; and (5) the metabolic function of diphospho- 
thiamine. 


DIPHOSPHOTHIAMINE IN TISSUES 

Ochoa and Peters (25) determined thiamine and thiamine pyro- 
phosphate in the tissues of rats and pigeons by a carboxylase method 
based on the activation of cocarboxylase by thiamine, previously 
mentioned. They found that all the tissues examined, including 
brain, skeletal muscle, liver, and heart, contained much more thia- 
mine pyrophosphate than thiamine. Thus, brain and liver contained 
little or no free thiamine, whereas about 70 per cent of the total 
thiamine in muscle and heart was thiamine ,pyrophosphate. Since 
thiamine monophosphate “activates” cocarboxylase just as thiamine 
does, it was possible that the noncocarboxylase fraction in muscle 
tissues might be partly or entirely thiamine monophosphate. In 
fact, no free thiamine could be detected in pigeon-breast muscle; the 
whole of the thiamine extracted from it was found to be precipitated 
with lead acetate and to yield a butyl alcohol-insoluble thiochrome 
(38). Westenbrink and Goudsmit (39), who determined thiamine 
and its phosphoric esters by a thiochrome method, found very little 
thiamine in the muscles of rats and pigeons (cf. 40). 

In thiamine deficiency the quantity of diphosphothiamine in the 
tissues is markedly decreased. Administration of thiamine to de- 
ficient animals leads to a large accumulation of thiamine and a 
marked increase of diphosphothiamine in the liver within 30 minutes; 
little increase of either compound occurs in brain, muscle, and heart 
in this time. However, when polyneuritic pigeons received small 
daily doses of thiamine for 3 days, the content of thiamine pyro- 
phosphate of these tissues approached the normal values, whereas it 
was well bebw normal in the liver, as if the other tissues had re- 
plenished their diphosphothiamine stores at the expense of the 
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diphosphothiamine previously stored by the liver (25). The lowest 
level of diphosphothiamine in pigeon brain (average 0.4 fig. per gram 
of tissue) is found in animals with symptoms of acute beriberi, 
whereas the brain of birds maintained on a diet of polished rice for 
25 days, but not yet showing symptoms, contained an average of 
1.2 fig. of diphosphothiamine (as against 3.0 fig. for normal brain). 
It is worth recalling, in this connection, that, whereas the brain of 
the former animals shows a catatorulin effect {in vitro activation of 
oxygen uptake, with pyruvate as substrate, upon addition of 
thiamine), the brain of the latter does not. Thus the appearance of 
nervous S)rmptoms seems to be associated with the lowering of the 
diphosphothiamine content of the brain below a certain level when 
oxidation of pyruvic acid can apparently no longer be maintained at 
the necessary rate. 

Results similar to those just discussed were independently ob- 
tained by Westenbrink and Goudsmit (39) with the thiochrome 
method. The Dutch workers added the important observation that 
administration of thiamine to polyneuritic animals produced, in a 
short time, a large increase of both thiamine and diphosphothiamine 
in the kidney as well as in the liver, an observation which was con- 
firmed in Oxford (41). The fact that most of the thiamine in animal 
tissues is present in the form of its pyrophosphoric ester was subse- 
quently confirmed by other workers (42, 43, 44, 45, 46, 47). 

According to Goodhart and Sinclair (48), diphosphothiamine is 
present in nucleated blood cells, including nucleated red cells, but is 
absent from blood plasma, which contains only small amounts of 
unphosphorylated thiamine. The blood diphosphothiamine is de- 
creased in thiamine deficiency (48). Cerebrospinal fluid contains 
thiamine (but not diphosphothiamine) in concentrations of the same 
order as in blood plasma (49, 50). 

ENZVMATIC PHOSPHORYLATION OF THIAMINE 

The work discussed in the previous section shows that liver and 
kidney phosphorylate thiamine to thiamine pyrophosphate in vivo. 
Earlier observations had indicated that such a phosphorylation 
could be achieved in vitro by yeast and by some animal tissues (9, 
52» S3, 54)* Ochoa (55) found, in in vitro experiments, that the 
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liver is the most active tissue as regards phosphorylation of thia- 
mine; brain and muscle are much less so. Synthesis of diphospho- 
thiamine from added thiamine readily occurs in various preparations 
of respiring liver from thiamine-deficient pigeons. Figure 2 shows 
the time curve of such a synthesis with liver brei and slices respiring 
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in phosphate solution. The 
synthesis stops after about 
30 minutes and is replaced, 
when the rate of respiration 
begins to fall, by a gradual 
breakdown of the diphospho- 
thiamine formed. 

The synthesis of diphos- 
phothiamine requires that 
the synthesizing tissue be 
actively respiring, and there 
is little or no synthesis in the 
absepce of oxygen. lodoa- 


Fig. 2 . — Phosphorylation of thiamihe in liver 
from pigeons fed on polished rice for 25>days (no 
symptoms yet). Liver tissue suspended in Ring- 
er phosphate; lo ^g. of thiamine hydrocnloride 
added at time o. Curve 7 , O, uptake kt 28® 
(brei); pH 8.5. Curve II, change in dikhos- 
phothiamine at 28® (brei); pH 8.5. Curve V//, 
change in diphosphothiamine at 38® (slicks); 
pH 7.3. Gas Oa. (From Ochoa [55],) \ 


cetic acid is strongly inhibi- 
tory, but fluoride inhibits 
only slightly. The synthetic 
reaction has an optimum at 
about pH 8.5. The amount 
of diphosphothiamine syn- 
thesized by the liver rarely 


\ surpassesthatnormallypres- 

ent in the tissue; and, consequently, little synthesis can be observed 
with tissue of normal animals (55). \ 

Goodhart and Sinclair (48) found yiat the blood of thiamine- 
deficient pigeons synthesized diphosphothiamine from added thia- 
mine in vitro, and concluded that all nucl^ted cells are able to effect 
the synthesis to a greater or lesser extern. Various bacteria have 
been found to phosphorylate thiamine to ihiamine pyrophosphate 
(56, 30). Ochoa and Rossiter (41) and Ferr^ee (57) could find no 
support for a claim by Laszt (58) that the ad^nal cortex is essential 


for the phosphorylation of thiamine. 

The mecha n i sm of phosphorylation of thiamine to thiamine pyro- 
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phosphate has been elucidated with yeast preparations by Lipton 
and Elvehjem (59) and by Weil-Malherbe (17). Phosphorylation 
occurs by transfer of the labile phosphate groups of adenosine tri- 
phosphate to thiamine or thiamine monophosphate. However, just 
as with animal tissues, only very small amounts of diphosphothia- 
mine are formed, of the order necessary to saturate the carboxylase 
present; this is unfortunate, as it makes it impossible to study the re- 
action m detail. Both of the known reactions which cause a phos- 
phorylat^n of adenylic acid or of adenosine diphosphate to adeno- 
sine tripnbsphate can cause a synthesis of diphosphothiamine in 
yeast whem thiamine and catalytic p,mounts of adenine nucleotide 
(adenylic add, adenosine polyphosphate) are present. Thus, syn- 
thesis has bem obtained by using phosphoglyceric or phosphopyru- 
vic acid as phosphate donor (59, 17), or in connection with the de- 
hydrogenation W triose phosphate (59), a reaction which causes 
phosphorylationu)f adenylic acid or adenosine diphosphate with up- 
take of inorganiaphosphate (60). 

It would seem mat the aerobic synthesis of diphosphothiamine in 
animal tissues occurs only after the phosphorylation of adenylic 
acid to adenosine mlyphosphate; if so, the synthesis should be as- 
sociated with the oxidation of triose phosphate or of pyruvic acid. 
This seerrls probable m view of the recent work on the mechanism of 
aerobic phosphorylation, which will be discussed later. 

Brain, muscle, liver\ and kidney contain enzymes which dephos- 
phorylate diphosphothkmine (55), liver and kidney being the most 
active of the four. When liver preparations are incubated in vitro^ 
the concentration of diphosphothiamine is maintained at the original 
level for long periods, provided that the tissue is respiring actively, 
blit it decreases when oi^gen is withdrawn or when the rate of 
respiration falls (55). 

THE ACTIVE FORM OF THIAMINE IN PYRUVIC ACID OXIDATION 

Lohmann and Schuster (7) observed that cocarboxylase cured 
polyneuritis, and they claimea that it was as effective as thiamine in 
activating the oxidation of pyruvic acid by brain slices of thia- 
mine-deficient pigeons.^ This cMm could not be confirmed in Oxford, 
where diphosphothiamine was ^und to be much less active than 
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thiamine when small concentrations of the catalysts were used with 
brain brei (53) and slices (38; cf. also 30). However, by using finely 
ground preparations (dispersions) of brain of polyneuritic pigeons, 
it could finally be proved that diphosphothiamine is the physio- 
logically active substance (38). In these preparations thiamine has 
either no activity or much less activity than diphosphothiamine 

(Fig. 3). Thiamine monophos- 
phate is not more active than 
thiamine itself. 

These experiments indicate 
that the failure of diphospho- 
thiamine to display full activity 
in brain brei and slices must be 
due to its poor penetration into 
the tissue, so that access to the 
enzyme is rendered diflScult. Such 
an explanation had already been 
tentatively advanced by Peters 
(53) . It remained to be explained 
why thiamine is active in brei, 
slices, and some dispersions. The 
answer is that such activity is 
subsequent to its phosphoryla- 
tion to thiamine pyrophosphate. 
Table i illustrates an experiment with a brain dispersion in 
which thiamine had little, although definite, activity. In the pres- 
ence of 10 jug. of thiamine, 0.05 jug. of diphosphothiamine was syn- 
thesized in 40 minutes. In a separate experiment (lower part of 
Table i) it was observed that either 10 jug. of thiamine or 0.05 jug. 
of diphosphot hia m i ne activated the oxygen uptake of deficient brain 
dispersions, with pyruvate as substrate, approximately to the same 
extent. This was especially true in the period from 20 to 30 minutes. 
The effect of thiamine rose sharply in the first 20 minutes, sup- 
posedly as the amount of diphosphothiamine formed increased, 
whereas the effect of diphosphothiamine was maximum from the be- 
ginning. Barron and Ljmian (30) observed that in bacteria which 
can phosphorylate thiamine the unphosphorylated vitamin was as 



Fig. 3. — Comparison of the effects of 
thiamine and diphosphothiamine on the 
oxidation of pyruvic acid in dispersions 
of brain from thiamine-deficient pigeons. 
Air, 38®, (From Banga, Ochoa, and 
Peters [38].) 
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active as diphosphothiamine in stimulating pyruvate oxidation but 
that only diphosphothiamine was active in bacteria that are unable 
to phosphorylate thiamine. 


TABLE 1 

Phosphorylation and Activity of Thia- 
mine ON Pyruvic Acid Oxidation in Dis- 
persions of Brain from Thiamine-de- 
ficient Pigeons 

One and one-half cc. of undialyzed dispersion 
(320 mg. of brain) to 2.0 cc. with additions including 
phosphate buffer pH 7.3, pyruvate, and fumarate. 
Oa, 38°. (From Banga, Ochoa, and Peters [38].) 

A 

Micrograms 
of Diphos- 
phothia- 
mine 

Sample incubated 40 minutes without 


thiamine 0.16 

Sample incubated 40 minutes with 10 /xg. 

of thiamine 0.21 

Diphosphothiamine synthesis 0.05 

B 


Time Pekiod in 
Minutes 

Rate op Oa Uptake (Cubic Milli- 
meters PER Hour over Control 
without Coenzyme) 

In Sample with 

10 /ig- of Thiamine 

In Sample with 
0.05 fig. of Diphos- 
phothiamine 

0-10 

60 

190 

10-20 

186 

130 

20-30 

100 

114 


The effect of increasing concentrations of diphosphothiamine is 
shown in Figure 4. Under optimum conditions i mole of diphospho- 
thiamine caused the uptake of 1,500 moles of oxygen per minute 
with pyruvate as substrate. The minimum effective concentration of 
diphosphothiamine was 5 X io*~* M. Maximum effects were ob- 
tained with 1.5 X lo-*^ M. The latter concentration corresponds to 



26 THE BIOLOGICAL ACTION OF THE VITAMINS 

that found in the brain of ‘'rice-fed'’ pigeons without symptoms 
(1.2 /xg* per gram of brain), so that the pyruvic acid oxidase in 
I gm. of brain must be saturated when about i tig, of diphosphothia- 
mine is present. 

The dissociation constant of the diphosphothiamine-pyruvate oxi- 
dase complex in brain, calculated from the data in Figure 4 by the 

method of Lineweaver and 
Burk (61), is 0.6 X io“’ M 
per liter. This is a lower 
value than that found by 
Lipmann (2.7 X at 

approximately the same pH 
(7.3), for the pyruvate de- 
hydrogenase of L, delbriickii 
(62). 

Diphosphothiamine me- 
tabolism . — The urine con- 
tains neither diphospho- nor 
monophosphothiamine (48, 
43 » 63, 64, 65). When these 
substances are injected into 
human beings (64) or rats 
(65), an increased amount of 
thiamine is excreted in the 
urine. Borsook et al. (66) 
injected thiamine containing 
radioactive sulfur in the thia- 
zole ring into human sub- 
jects and found that there was a rapid increase in the urinary 
excretion of thiamine but that no radioactivity appeared in the urine 
until the second day after the injection; destruction of thiamine in 
the tissues was indicated by the appearance of radioactive neutral 
sulfur compounds and inorganic sulfates in the urine and feces. 

Evidence discussed in previous sections indicates that thiamine 
reaching the blood stream from the intestine is taken up mainly by 
the liver and kidney, where it is phosphorylated and stored as di- 
phosphothiamine (25, 39). All tissues, but mainly the liver and kid- 



fig. oooarboxylase 

Fig. 4. — Effect of increasing concentrations 
of added diphosphothiamine on the rat of oxi- 
dation of pyruvic acid in dispersions of brain 
from thiamine-deficient pigeons. 02,38°, (From 
Banga, Ochoa, and Peters [38].) 
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ney, can dephosphorylate diphospho thiamine (55, 63) and supply 
free thiamine to the blood; this is transported in the plasma (48) to 
other tissues, which rephosphorylate it more slowly (25), or it is ex- 
creted in the urine. Phosphorylated thiamine would not pass easily 


across cell membranes (38). 

An increased catabolism of 
thiamine and diphosphothia- 
mine in experimental hyper- 
thyroidism is indicated by 
increased thiamine require- 
ments and by a decrease of 
diphosphothiamine in the 
tissues (67, 68, 69). 

According to Abderhalden 
(70), animal tissues possess 
some ability to synthesize 
thiamine from a mixture of 
its pyrimidine and thiazole 
components. 

THE PYRUVIC ACID OXIDATION 



SYSTEM OF BRAIN 


Min. 


A study of dialyzed brain 
dispersions (71) has shown 
that at least five substances 
are essential components of 
the pyruvate oxidation sys- 
tem: (fl) diphosphothiamine; 
(6) a C4-dicarboxylic acid, 
such as succinic, fumaric, or 
malic acid (cf. also 72, 73); 
(c) inorganic phosphate; (d) 
adenylic acid or adenosine 


Fig.5. — Effect of phosphate (0.05 M), fuma- 
rate (0.005 M), and adenylic acid (0.00014 M) 
on the oxidation of pyruvic acid by dialyzed 
dispersions from normal pigeon brain. One and 
one-half cc. of enzyme (dialyzed 2 hours) to 
2.0 cc. with additions including o.i mg. of 
(as MgCb). The complete system con- 
tains enzyme - 1 - Mg'^ -f- phosphate (P) -J- 
fumarate (/um.) -f adenylic acid (Ad.) + 
pyruvic acid (pyr.). The brain dispersion con- 
tains optimal amounts of diphosphothiamine. 
Air, 38®. (From Banga, Ochoa, and Peters 

[71].) 


polyphosphate; and {e) magnesium or manganese ions (74). Diphos- 


phopyridine nucleotide is probably another component of the sys- 


tem, but the evidence for this is not conclusive (71). 


Evidence that diphosphothiamine is essential has already been 
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presented above. That a C4-dicarboxylic acid, inorganic phosphate, 
and adenylic acid are necessary is shown in Figure 5. Concentra- 
tions of inorganic phosphate as high as 0.05-0.1 M are required to 
secure an optimum rate of pyruvate oxidation; all the other com- 
ponents of the system are active in catalytic amounts. 

After short periods of dialysis against dilute potassium chloride, 
magnesium is still present in brain dispersions in practically opti- 
mum amounts; it can be removed, to a large extent, by precipita- 

TABLE 2 

Effect of Magnesium and Manganese 
Ions on Pyruvic Acid Oxidation in 
Dispersions of Brain from Normal 
Pigeons 

Dispersion treated with sodium pyrophos- 
phate and then dialyzed 8 hours. The sam- 
ples contained brain dispersion (containing 
optimal amounts of diphosphothiamine), 
phosphate, adenylic acid, fumarate, and pyru- 
vate. Incubation time, 30 minutes; air, 38®. 

(From Ochoa [74].) 


Micrograms of 
Mg-^-^ Added 1 
(as MgCb) 

Micrograms of 
Added 
(as MnCL) 

Cubic Milli- 
meters of Oxygen 
Uptake 

0 

0 

175 

100 

0 

400 

ISO 

0 

455 

0 

100 

345 


tion with an excess of pyrophosphate, which can subsequently be 
removed by dialysis. After this is done the rate of oxidation of 
pyruvate is greatly decreased, but it is brpught back to normal by 
addition of magnesium or manganese salts.* This is illustrated in 
Table 2. 

The effect of adenylic acid is peculiar in that it not only increases 
the oxidative removal of pyruvate but makes its oxidation more 
complete, as shown by the higher ratio of oxygen consumed to 
p)nnivate removed (71). In .the absence of added adenylic acid, py- 

• Annau and ErdSs (72) reported an activation by Mg++ of the dehydrogenation of 
pyruvic acid in washed muscle. 
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ruvic acid seems to be only slowly decarboxylated and dehydrogen- 
ated to acetic acid and carbon dioxide. The necessity of adenylic 
acid or adenosine polyphosphate for pyruvate oxidation strongly 
suggested that a cycle of phosphorylation was involved. 

It was found by Lipmann (29, 75, 76, 77, 62) in an analysis of the 
pyruvic acid oxidation system of L. delhrUckii, that, in addition to 
the enzyme protein, the following are components: (a) diphospho- 
thiamine; (&) inorganic phosphate^ or arsenate ; {c) magnesium, man- 
ganese, or cobalt ions; and {d) alloxazine-adenine dinucleotide.^ We 
have seen that the first three are components of the pyruvate oxida- 
tion system of brain as well; alloxazine-adenine dinucleotide is also 
probably essential in brain, but this has not yet been demonstrated. 
There are, however, marked differences between the bacterial and 
the brain systems. The principal differences are the following: (a) 
The bacterial system catalyzes the oxidative decarboxylation of 
pyruvic acid to acetic acid and carbon dioxide, whereas oxidation 
of pyruvate in animal tissues is more complete, (ft)’ In the Z. del- 
brilckii system electrons are transferred to molecular oxygen through 
the mediation of its autoxidizable flavin component, whereas in 
animal tissues (and in some bacteria [80]) reaction with molecular 
oxygen is mediated by the cytochrome-cytochrome oxidase system 
{c) Neither a C4-dicarboxylic acid nor ‘‘adenine nucleotide’’ is a 
component of the Z. delbriickii system, (d) The concentration of 
inorganic phosphate required for optimum activity is about o.oi M 
in Z. delbriickii (29, 62) and as high as o.i M in brain (71). And (e) 
the lower value for brain of the dissociation constant of the enzyme- 
prosthetic group complex. 

In brain preparations pyruvic acid and other a-ketoacids can also 
be broken down, to some extent, by dehydrogenation to carbon di- 
oxide and the next lower fatty acid; and, in fact, this is the only 
change that a-ketobutyric acid undergoes (81). Pyruvic acid prob- 
ably reacts in this way only when adenylic acid is absent. Long (82) 
has observed that oxidation of a-ketobutyric acid by dialyzed brain 

3 Inorganic phosphate is not required for the action of yeast carboxylase (62) but 
seems to be necessary for the breakdown of pyruvic acid to acetylmethylcarbinol and 
carbon dioxide in Aerobacter (78). 

' * Still (79; has recently described the existence of a probably identical system in 

Bacillus coii. 
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dispersions requires inorganic phosphate (or arsenate) but needs 
neither C4-dicarboxylic acids nor adenylic acid. Thus, there seems 
to be a system present in brain which is similar, if not identical, to 
that of L, delbriickii. Whether this system is an independent one or 
a part of the system of complete oxidation remains undecided (83). 
Long (36) has shown that about 20 per cent of the pyruvate re- 
moved by oxidation in brain brei can be accounted for as acetic 
acid. 

TABLE 3 

Effect of Diphosphothiamine on Pyruvic Acid Oxidation and on the 
Esterification of Inorganic Phosphate with Hexose Monophosphate 
and Glucose in Dialyzed Dispersions of Brain from Thiamine-de- 
FiciENT Pigeons 

The samples contained brain dispersion, Mg++, phosphate, adenylic acid, fumarate, 
pyruvate, 0.02 M sodium fluoride, and phosphate acceptor. Incubation time, 30 
minutes; air, 38®. (From Ochoa, J. Biol. Chem., 138, 731, 1941.) 

Oxidation of pyruvic acid causes a phosphorylation of hexose monophosphate or of 
glucose to hexose diphosphate. 



Micrograms of 

Cubic MilH- 

Milligrams of 

Milligrams of 

Phosphate Acceptor 

Diphospho- 

meters of » 

Pyruvic Acid 

Phosphorus 


thiamine Added 

Oxygen Uptake 

Removed 

EsteriCied 



0 


0.42 

0 . 33 

Hexose monophosphate 


2 

IQI 

.86 

.53 

(Embfien ester) 


0 

137 

212 

•52 

0.94 

.38 

•65 



2 

Glucose 


0 

66 

188 


.25 






^ 2 


0.76 






The enzymatic oxidation of pyruvic acid is coupled, both in 
L. delbriickii (75, 62) and in animal tissues, with a phosphorylation 
of adenylic acid to adenosine polyphosphate, followed by a transfer 
of the labile phosphate groups of the latter to various acceptors (84). 
In muscle preparations aerobic phosphorylation of glucose occurs 
only upon addition of hexokinase (85), an enzyme which catalyzes 
the transfer of phosphate from adenosine triphosphate to hexoses 
(86, 87). The relation of phosphorylation to oxidation of pyruvic 
acid in animal tissues was independently observed by Belitzer and 
Tsibakowa (88), by Colowick, Welch, and Cori (89), and by Ochoa 
(84). Diphosphothiamine is, of course, essential for this phosphory- 
lation (Table 3). 
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With brain dispersions it has been found (84) that optimally four 
molecules of phosphate are esterified for each molecule of oxygen 
consumed. Half of this esterification is coupled with the primary 
dehydrogenation of pyruvate; the rest seems to be connected with 
the transfer of the electron pair mediated by C4-dicarboxylic acids 
(84, 88). Oxidation of succinic to fumaric acid in tissues is known to 
be coupled with phosphorylation (73). 

The connection of phosphorylation with dehydrogenation of pyru- 
vate is interpreted by Lipmann (62, 90), in analogy with the coupling 
between phosphorylation and dehydrogenation of triose phosphate 
(60, 91), as due to addition of inorganic phosphate to the carbonyl 
group of pyruvic acid and oxidation of this compound to acetylphos- 
phate (92). Further reaction involves transfer of phosphate from 
acetylphosphate to adenylic acid (77), forming acetic acid and 
adenosine polyphosphate. The phosphorylated intermediate in ani- 
mal tissues is apparently not acetylphosphate (93), but there is 
little doubt that an analogous mechanism is in operation. The na- 
ture of the phosphorylation connected with oxidation of succinic 
acid, and possibly with the catalytic action of C4-dicarboxylic acids 
during pyruvate oxidation, has not been elucidated. 

METABOLIC FUNCTIONS OF DIPHOSPHOTHIAMINE 

We may first inquire: ‘‘What is the primary function of diphos- 
pho thiamine?” We have seen that diphospho thiamine is essential 
for decarboxylation of pyruvic acid in yeast and for its oxidation in 
animal tissues and certain bacteria, a process which also involves 
decarboxylation. Through the agency of diphospho thiamine is prob- 
ably evolved all the carbon dioxide of alcoholic fermentation and a 
large part of the carbon dioxide of respiration. Decarboxylation of 
other a-ketoacids by yeast, such as a-ketobutyric and a-ketovaleric 
acids, also requires diphospho thiamine (81). It would seem that di- 
phosphothiamine is primarily concerned with the decarboxylation 
of a-ketonic acids in all living cells.® 

5 D. E Green (94) has recently reported that diphospho thiamine is involved in the 
enzymic condensation of two molecules of acetaldehyde to acetylmethylcarbinol, as 
well as in a reaction between p3rruvic acid and acetaldehyde yielding carbon dioxide and 
acetylmethylcarbinol, both of which reactions occur in some tissue preparations. He be- 
lieves that diphosphothiamine may primarily catalyze a (ketol) condensation of o-keto- 
acids to form unstable compounds which would undergo spontaneous decarboxylation. 
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There is now little support for the view that diphosphothiamine 
acts as a hydrogen carrier in biological systems through alternate 
oxidation and reduction of the quaternary thiazole nitrogen atom. 
Reduction of thiamine or diphosphothiamine with various agents, 
such as hydrogen activated with platinum or palladium, or hy- 
drosulfite, has been shown by Lipmann (95, 96) and by Stern and 
Melnick (97) to yield a biologically inactive product. Barron and his 
associates (98) have observed that diphosphothiamine is more re- 
sistant than thiamine to reduction and reoxidation. Not only is the 
rate of reduction of diphosphothiamine, with either hydrosulfite or 
platinum and hydrogen, much slower than that of thiamine, but re- 
duction of the two compounds is considerably slower than that of 
diphospliopyridine nucleotide (100). Whether or not thiamine can 
act in oxidation-reduction systems through its disulfide, as sug- 
gested by the recent work of Zima and Williams (loi) and of Zima, 
Ritsert, and Moll (102), cannot yet be decided. 

In different types of cells pyruvic acid is either decarboyxlated 
prior to its oxidation (or reduction) or decarboxylated and oxidized 
simultaneously. It has been shown (Gordon et al, [103]) that alde- 
hyde oxidase is a flavoprotein with alloxazine-adenine dinucleotide 
as the prosthetic group, and also that this nucleotide is a component 
of the pyruvate dehydrogenase of L. delbrilckii (76). The simul- 
taneous occurrence of dehydrogenation and decarboxylation might 
be ascribed to the fact that such a reaction may be catalyzed by an 
enzyme consisting of a single protein with two prosthetic groups: 
diphosphothiamine and alloxazine-adenine dinucleotide, concerned 
with decarboxylation and dehydrogenation, respectively. This 
would explain the differences in pyruvate breakdown in various 
types of cells without ascribing more than a single function to di- 
phosphothiamine . 

The dismutation between two molecules of pyruvic acid to yield 
one molecule each of carbon dioxide, acetic acid, and lactic acid is a 
linked reaction involving the action of both pyruvic and lactic de- 
hydrogenases. The flavin reduced by one molecule of pyruvic acid 
is reoxidized by a second p3nruvic acid molecule instead of by molecu- 
lar oxygen or by cytochrome. It is unknown whether diphospho- 
pyridine nucleotide is involved in the primary dehydrogenation of 
pyruvic acid 
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Intermediary reactions in which diphosphothiamine is involved , — 
With one possible exception diphosphothiamine is known to partici- 
pate in the reactions shown in Table 4. Reaction i occurs in brain 
brei and is activated by thiamine (81). A participation of diphos- 
phothiamine in reaction 2, the synthesis of citric acid from pyruvic 
and oxaloacetic acids (104, 105), is supported by evidence from ex- 
periments both in vitro and with the intact animal. Sober, Lipton, 

TABLE 4 

Some Reactions in Which Diphosphothiamine Participates 



Reaction 

Reference 

I 

CH,- CH.- CO- COOH-f 0- CH 3 - CHa- COOH-f COa 

Long and Peters 
(8i) 

2 

CHa-COOH 

CHa-COOH 1 /OH 

1 -1-0+CH3-C0-C00H=CC +COa 

CO-COOH |\cOOH 

CHa-COOH 

Sober, Lipton, 
and PDlvehjem 
(106); Barron 
et al. (98, 99) 

^ 

CH,-COOH 

COOH- CHa- CHa- CO- C00H-|-0« | 4-COa 

CHa-COOH 

Simola (no); 

Barron ei al. 


(109) 

4 

CO-CHi 

2 CH 3 • CO - COOH -h Oa = 1 +2 COa-fHaO 

CHa-COOH 

Barron et al. (99) 



Krebs and Eg- 
gleston (113); 
Smyth (ns) 

C0a+CH3- GO- COOH« COOH- CHa- CO-COOH (?) 

i 


6 

CHa- COOH -f-20a= 2COa-h2HaO 

Quastel and Web- 
ley (117) 



and Elvehjem (106) reported that the urinary excretion of citric acid 
is low in thiamine-deficient rats and is greatly increased by adminis- 
tration of thiamine, and Barron and his associates (98, 99) observed 
that thiamine increased the synthesis of citric acid in vitro by tissues 
of avitaminotic rats.^ They also reported (99, 109) an in vitro effect 

‘ Barron and his co-workers (99) have also reported an activation by thiamine of 
the synthesis of a-ketoglutaric (107, 108) and succinic acids in rat-liver slices. This may 
be a consequence of the increased formation of citric acids or of other Q acids, but the 
mechanism of formation of a-ketoglutaric acid from pyruvic acid is not yet well under- 
stood. 
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of thiamine on reactions 3 and 4. Simola (no) had reported earlier 
that increased amounts of a-ketoglutaric acid are excreted in the 
urine of thiamine-deficient rats. 

Reactions i and 3 are oxidative decarboxylations of an a-ketoacid ; 
and oxidative decarboxylation of pyruvic acid is certainly involved 
in reactions 2 and 4, although the exact mechanisms are unknown. 
Reaction 4 may involve a condensation to acetopyruvic acid, fol- 
lowed by oxidative decarboxylation to acetoacetic acid. Reactions 2 
and 3 constitute individual reactions of the ‘‘citric acid cycle’' of 
Krebs (105, 111, 112). 

Krebs and Eggleston (i 13) have recently suggested that the Wood 
and Workman reaction (114), i.e., the carboxylation of pyruvate to 
oxaloacetate (Table 4, reaction 5), may be the only reaction of py- 
ruvic acid in which diphosphothiamine participates. This suggestion 
was based on theoretical considerations and on the observation that 
thiamine accelerated the utilization of pyruvate by liver but not by 
muscle of thiamine-deficient' pigeons.^ The contention that this oc- 
curred because “the vitamin takes part in a reaction which occurs 
in liver but is of no major importance in fnuscle” overlooked the 
possibility that the diphosphothiamine content of muscle of beri- 
beric pigeons might still be above the saturation level. This possi- 
bility is supported by the work of Ochoa and Peters (25), who found 
that, in thiamine deficiency in pigeons, diphosphothiamine de- 
creased in muscle from a normal average value of 3.81 to 1.04 /ig. 
per gram, as compared with a decrease from 3.00 to 0.40 jug- in brain 
and from 4.33 to 0.48 ^g. in liver. 

Smyth (115), working in Krebs’s laboratory, found that dismuta- 
tion of pyruvate by thiamine-deficient staphylococci was stimulated 
either by thiamine or by oxaloacetate or fumarate. This was inter- 
preted as indicating that oxaloacetate is needed as a carrier for the 
dismutation and that the vitamin catalyzed its formation from py- 
ruvate and carbon dioxide. According to this view, diphosphothia- 
mine would merely be needed to secure a formation of the dicar- 
boxylic acids that are required for pyruvate oxidation. This, how- 
ever, is certainly not the case in animal tissues, since both diphos- 

7 However, Barron et al. (99) have recently reported that thiamine increases the 
oxidative utilization of pyruvate by diaphragm from thiamine-deficient rats. 
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phothiamine and a C4“dicarboxylic acid are needed for the oxidation 
of pyruvate in the brain of thiamine-deficient animals (71, 99).* 

Quastel and Webley (i 17) have shown that the oxidation of acetic 
acid to carbon dioxide and water (Table 4, reaction 6) by propionic 
acid bacteria is greatly accelerated by thiamine, although pyruvic 
acid does not seem to be an intermediate. This important finding is 
difficult to interpret until more is known of the mechanism and the 
chemical reactions involved in the oxidation of acetic acid. 

Diphosphothiamine and carbohydrate metabolism , — Through its ef- 
fect on pyruvic acid oxidation, diphosphothiamine may influence 
various phases of carbohydrate metabolism, since pyruvate oxida- 
tion causes the storage of a large amount of energy as adenosine 
triphosphate (84, 118). Thus, diphosphothiamine may be indirectly 
involved in the synthesis of glycogen from glucose (119) and in the 
conversion of fructose to glucose (120), reactions which require a 
preliminary phosphorylation of the sugar molecule. It is possible 
that an analogous mechanism is active in the intestinal absorption 
of sugars and in glucose resorption from the kidney tubules. 

For similar reasons diphosphothiamine must also be essential for 
the synthesis of carbohydrate from lactic or pyruvic acid. This syn- 
thesis is probably a reversal of the glycolytic process in which all 
reactions but one, the dephosphorylation of phospho(enol)pyruvic 
acid (121), are reversible (122, 123). We do not know exactly how 
phosphopyruvic acid is formed in the synthetic reaction ; its forma- 
tion seems to be connected with oxidation of a dicarboxylic acid 
(124). Solomon et al. (125) have recently shown that when bicar- 
bonate, containing the radioactive carbon isotope C”, is given to 
rats along with nonradioactive lactate, the glycogen deposited in 
the liver contains radioactive carbon. They suggest that the.isotope 

* Krampitz and Werkman (116) have recently obtained a crude bacterial enzyme 
which catalyzes the reaction CCX)H«CHa«CO«COOH CO2 -|- CHj-CO-COOH; the 
enzyme requires but no diphosphothiamine. The same preparation can oxidize 
pyruvic acid (to acetic acid -fCOa) in the presence of both diphosphothiamine and 
but, unlike Smyth, they find that oxaloacetate cannot replace diphosphothiamine. 
They point out that the synthesis of oxaloacetate from COa+pyruvate is probably 
catalyzed by the same enzyme that is active in the reverse reaction; but, as the AF of 
the fixation reaction is positive, an energy-yielding reaction may be required to bring 
it about, and diphosphothiamine might be necessary for the latter. 



36 THE BIOLOGICAL ACTION OF THE VITAMINS 


is first incorporated by the Wood and Workman reaction into oxalo- 
acetate,- which, after reduction to fumarate, might form phospho- 
pyruvate (as suggested by Lipmann [90]), some of which would con- 


Fructose-i, 6-diphosphate 

It 

H3PO4 + 3**phosphoglyceraldehyde1<!flLDihydroxyacetone phosphate 

t 

1 , 3-diphosphoglyceraldehyde 

1 "l“02 

| (+ lactic aci d I — ^ Pyruvic acid — CO2+H2O 

I, 3-diphosphoglyceric acid +H3PO4 


t 


I 


3-phosphoglyceric acid-<- | ATP ADP | 

If 

2-phosphoglyceric acid 


Phospho(enol)pyruvic acid 


Fig. 6. — Diagrammatic representation of the oxido-reduction of glycolysis (3- 
phosphoglyceraldehyde -f pyruvic acid -f adenosine diphosphate -f H3PO4 23-phos- 
phoglyceric acid-f lactic acid+adenosine triphosphate) as proceeding from right to 
left. The reaction starts by phosphorylation of 3-phosphoglyceric acid to i, 3-diphos- 
phoglyceric acid by adenosine triphosphate (adenosine triphosphate -i-3-phosphogly- 
ceric acid ^adenosine diphosphate+i, 3-diphosphoglyeric acid). Under aerobic con- 
ditions the pyruvic acid formed in the dismutation is oxidized, thereby rephosphorylating 
the adenosine diphosphate. Removal of adenosine diphosphate (ADP) and inorganic 
phosphatp by phosphorylation to adenosine triphosphate (ATP), of pyruvic acid by 
oxidation, and of 3-glyceraldehyde phosphate, by the isomerase (formation of dihy- 
droxacetone phosphate) and aldolase (condensation of glyceraldehyde phosphate+di- 
hydroxacetone phosphate to hexose diphosphate) reactions, keeps the dismutation 
going to the left if an excess of 3-phosphoglyceric and lactic acids is present. 


tain radioactive carbon in the carboxyl group. Thus, diphosphothia- 
mine, if a catalyst for the Wood and Workman reaction, might be 
directly involved in the synthesis of carbohydrate from pyruvic acid 
in the liver. Whether this is so or not, diphosphothiamine will take 
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an indirect part in the synthesis, because reversion of the oxido-re- 
duction between triose phosphate and pyruvate (122, 123, 60) is 
driven by energy-rich phosphate from adenosine triphosphate (123, 
60)^ and the latter must be mainly regenerated by pyruvate oxida- 
tion. A diagrammatic representation of this is shown in Figure 6. 
Barron et aL (98, 99) have shown that the synthesis of carbohydrate 
from pyruvate is decreased in kidney slices of thiamine-deficient rats 
and restored to normal by the addition of thiamine. 

Except for the well-established facts that lactic and pyruvic acids 
accumulate in the blood and tissues and that pyruvic acid and other 
a-keto acids are excreted in increased amounts in the urine during 
thiamine deficiency (126, 127, 128, 110, 129, 130), observations on 
the effect of thiamine on carbohydrate metabolism in vivo are of a 
rather conflicting nature (13 1). Reports on liver glycogen and blood 
sugar as affected by thiamine deficiency or thiamine administration 
have been contradictory, and very often no change from normal con- 
ditions has been indicated. There are a number of complicating fac- 
tors in research of this nature, such as the inanition that accompanies 
thiamine deficiency and the possibility that, in some cases, defi- 
ciencies of other factors of the B complex may also be involved (131). 
It will often be difficult to obtain a degree of thiamine deficiency 
causing sufficient depression in pyruvate oxidation to produce devia- 
tions from normal liver glycogen or blood sugar values. Moreover, 
factors such as intestinal absorption of sugar and its storage as liver 
glycogen, which are probably affected in the same direction by a de- 
creased oxidation of pyruvate, will affect the blood sugar level in 
different directions. 

Since diphosphothiamine is a catalyst for the oxidation of pyruvic 
acid and can thus indirectly enhance carbohydrate utilization and 
storage, its effects on carbohydrate metabolism will somewhat paral- 
lel those of insulin. In this connection it may be of interest to note 
that Nitzescu and loanid (132) have recently reported a large in- 
crease of blood sugar in thiamine-deficient chickens and a decrease 
to normal a few hours after thiamine administration. When thiamine 
was given to normal chickens along with glucose (132), the rise in 
blood sugar was smaller and the return to normal values was more 
rapid than when glucose alone was given. There have also been re- 
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ports that thiamine reinforces the effect of insulin on blood sugar 
(133)- A decrease in brain and muscle glycogen has been reported in 
thiamine-deficient rats (134). 

Other metabolic processes afected by diphosphothiamine, — McHenry 
and his associates (135, 13d, 137) have shown, in nutritional ex- 
periments with rats and pigeons, that thiamine is necessary for the 
synthesis of fatty acids from carbohydrate; this action is proba- 
bly secondary to its effect on pyruvate oxidation. 

Diphosphothiamine is also indirectly involved in the synthesis of 
acetylcholine, which is known to be connected with pyruvate oxida- 
tion (138). Mann and Quastel (139) have demonstrated that the 
synthesis of acetylcholine by pigeon-brain slices, respiring in a py- 
ruvate-containing medium, is decreased in thiamine deficiency and 
restored to normal by addition of thiamine. In a similar way, di- 
phosphothiamine may be involved in other biological acetylations 
(90). 
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VITAMIN B.: CLINICAL ASPECTS 


NORMAN JOLLIFFE 
College of Medicine, New York University 

A NUTRITIONAL inadequacy begins the instant that ade- 
lJL quate amounts of an essential nutrient fail to reach the 
internal environment. This results, after varying periods, 
in malnutrition, the successive stages of which are represented by 
(a) tissue depletion; (b) biochemical “lesions'’ (i); (c) altered func- 
tion; and, finally, by (d) anatomical lesions (2). The clinical recogni- 
tion of these stages of malnutrition, as a rule, follows the reverse 
order — i.e., anatomical lesions, altered function, biochemical “le- 
sions,” and tissue replenishment. This order of events has been fol- 
lowed in the development of our clinical knowledge of vitamin-Bi 
deficiency. 

THE KNOWN ANATOMICAL LESIONS 

The known anatomical lesions are polyneuropathy, the ophthal- 
moplegia of Wernicke's syndrome, and circulatory disturbances. 

Polyneuropathy , — ^As late as 1936 it was thought that vitamin-Bi 
deficiency was rare in the Western world (3). At that time, however, 
criteria for the diagnosis of vitamin-Bi deficiency required the pres- 
ence of classical beriberi in a subject who gave no history of an 
etiologic factor that could possibly account for the findings, other 
than a grossly inadequate diet. Identical clinical pictures occurring 
in subjects having increased requirements, impaired absorption or 
utilization, altered vitamin/caloric ratios (due to increased consump- 
tion of vitamin-free or -poor food), or hastened excretion were desig- 
nated as a “polyneuropathy.” This diagnosis was then qualified by a 
label descriptive of the supposed etiology. Thus we had such terms 
as “infectious,” “toxic,” “cachetic,” “alcoholic,” “diabetic,” “meta- 
bolic,” and “gestational” polyneuropathy. We now know that these 
labels were often applicable only in so far as they designated the con- 
ditioning factor by which the essential nutrient failed to reach the 
internal environment in an amount sufficient to prevent nutritional 
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failure under the existing condition designated by the qualifying 
label (4-19). 

The inclusion of these polyneuropathies under ‘‘beriberi” in- 
creased manyfold the recognized prevalence of nutritional failure. 
The true prevalence of this anatomic lesion is still underestimated 
because of failure to look for early changes. The average neurologic 
examination, as conducted by the general practitioner, internist, or 
surgeon, consists of pupillary reflexes, knee jerks, the plantar re- 
sponse, and, if the patient is ambulatory, the Rhomberg test. By 
this type of examination mild polyneuropathies are almost invari- 
ably missed because bilateral calf-muscle tenderness, plantar dyses- 
thesia and other sensory changes, and absence of the ankle jerks are 
not looked for. 

The clinical picture of thiamine-deficiency polyneuropathy be- 
gins, as far as objective signs are concerned, with plantar dysesthesia 
and calf-muscle tenderness. The plantar dysesthesia is not the com- 
mon ordinary tickling sensation usually elicited by scratching the 
plantar surface of the foot, but definite hyperesthetic pain, which is 
manifest and unmistakable in the facial ex{)ression. A healthy calf 
muscle, if squeezed from behind, so as not to include the tibia in the 
grip, can stand considerable pressure; this is not so in the presence of 
mild polyneuropathy. At about this time the vibratory sensation in 
the toes becomes diminished. These signs are suggestive. When, 
however, in addition to these signs, the ankle jerks become absent, a 
diagnosis of polyneuropathy can be made. By this time the plantar 
dysesthesia may have extended so that there is sock dysesthesia. 
The vibratory sensation is usually absent in the toes and occasionally 
may be absent in the malleoli or even in the tibiae. Position sensa- 
tion in the toes is, as a rule, intact, though a few mistakes may be 
made in very small changes in position. 

As the deficiency progresses to that of moderate polyneuropathy, 
the knee jerks disappear, but the signs are still limited to the lower 
extremities. Definite impairment of position sensation in the toes can 
now be generally demonstrated, and vibratory sensation is lost over 
a greater extent, even on occasion up to and including the pelvis. 
Some atrophy of the calf muscles may be evident. Calf tenderness 
and sock dysesthesia continue. Occasionally a “delayed” plantar 
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dysesthesia (20, 21) now becomes evident. The gait may be natural, 
but often a definite abnormality is noted. The burning soles of the 
feet, with some loss of position sense, make these patients walk care- 
fully, as though barefoot on a floor scattered with carpet tacks. Toe 
and foot drop are not usually present at this time. At this stage the 
signs are limited to the lower extremities. 

If the deficiency continues, the upper extremities become in- 
volved, so that the biceps and triceps jerks disappear. Glove dyses- 
thesia and loss of finger dexterity rapidly develop. Calf-muscle atro- 
phy is now usually marked; toe and foot drop are usually plainly 
evident; and wrist drop soon appears. The gait, if the patient is able 
to walk, is by now that of the steppage type. However, walking is, 
as a rule, difficult or impossible because of the central nervous or 
circulatory involvement. 

The neurologic manifestations of vitamin-Bi deficiency, whether 
in a mild or severe form, are bilateral and symmetrical and char- 
acteristically involve first and predominantly the lower extremities. 
Peripheral neuritis that involves a single nerve, or that is not bilater- 
al and symmetrical, or that does not involve first and predominantly 
the lower extremities, is not, in my experience, due to vitamin-Bi 
deficiency. Exceptions that prove the rule can probably be found 
for each of these dicta. For example, a man crippled by hip- joint 
disease was confined to a wheel chair, which he propelled with his 
arms. Polyneuropathy occurred first and predominantly in his up- 
per extremities. 

Ophthalmoplegia of Wernicke's syndrome. — A portion of Wernicke’s 
syndrome is now recognized as thiamine deficiency (22-25). This 
syndrome is clinically characterized by varying degrees of ophthal- 
moplegia, clouding of consciousness, ataxia, and polyneuropathy. 
The essential pathology is confined to the periventricular gray mat- 
ter and is characterized by small foci of degeneration and varicose 
deformities of the blood vessels. The clinical picture, as well as the 
essential pathology, was first described by Wernicke in 1881. Wer- 
nicke’s first case occurred in a patient with intractable vomiting, fol- 
lowing a suicidal attempt with sulfuric acid. His other two cases oc- 
curred in alcoholic patients admitted in delirium. He did not indict 
alcohol as the causative agent but suggested that various toxins. 
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including alcohol, might produce the syndrome. Nevertheless, alco- 
hol gradually came to be accepted as the etiologic basis of this con- 
dition, in spite of the fact that the literature contains some forty 
cases described in non-alcoholic individuals, most of whom had some 
gastrointestinal disturbances, accompanied by vomiting and cachex- 
ia. In 1938 Alexander (23) and his co-workers were able to reproduce 
the pathologic lesions in pigeons fed on a thiamine-deficient diet. 
They could not reproduce the disease in pigeons fed thiamine, even 
though they were deprived of all other vitamins or of any one other 
vitamin for a period of over six months. In 1940 Alexander showed 
conclusively that the lesions of Wernicke’s syndrome occurring in 
man and the disease he produced experimentally in pigeons deficient 
in vitamin Bi were identical in their topographic distribution and in 
their morphologic and histologic characteristics. 

Jolliffe, Wartis, and Fein (24) have recently reported the clinical 
findings in 27 cases. Of the total, 3 occurred in non-alcoholic patients 
(2 depressed patients who refused to eat, and i case of pulmonary 
tuberculosis with associated vomiting). The other 24 occurred in 
alcoholics. Our results (26) may be summarized as follows: 

The syndrome as originally described by Wernicke is probably a 
combination of several nutritional deficiencies, any one of which 
may be predominant. Delirium, with its marked increase in psy- 
chomotor activity and hence in total metabolism, usually precedes 
the development of this syndrome. It is believed that this increases 
certain of the vitamin requirements of the individual and tends to 
aggravate any latent deficiency state which may be present. Other 
deficiency syndromes, such as pellagra, nicotinic acid deficiency 
encephalopathy, ariboflavinosis, and scurvy, may and do superim- 
pose themselves upon or accompany the Wernicke syndrome. These 
require specific treatment. The ophthalmoplegia responds to thia- 
mine therapy but not to the administration of nicotinic acid, ribo- 
flavin, or pyridoxine. The ophthalmoplegia is invariably preceded or 
accompanied by an acute peripheral symmetrical polyneuropathy. 
Since the latter is almost always associated with thiamine deficiency, 
this finding supports Alexander’s thesis that both have a common 
etiology and that the polioencephalopathic changes represent a more 
complete deficiency of thiamine. The clouding of consciousness re- 
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spends in most cases to thiamine therapy; but in other cases it may 
be related to any other factor which interferes with proper brain 
metabolism, such as lack of carbohydrate, oxygen, nicotinic acid, 
riboflavin, and possibly to a lack of other substances. The ataxia is 
difficult to evaluate, both as to its genesis and its response to ther- 
apy. All cases that received adequate vitamin therapy recovered 
unless a complicating condition was present which in itself was suf- 
ficient cause for death. We have now had 14 consecutive recoveries 
in cases so treated. In the recovered cases, the succession of a Kor- 
sakoff syndrome is the rule. The latter does not show a consistent 
response to thiamine therapy, as has frequently been claimed. 

Circulatory disturbances , — ^After the recognition of the common 
etiology of beriberi and many varieties of polyneuropathy occurring 
in this country, attention was naturally directed to circulatory mani- 
festations so frequently described in the Orient. Weiss and Wilkins 
(27) were among the first to recognize these circulatory disturbances 
and placed their frequency as i in each 160 admissions to two medi- 
cal services at Boston City Hospital. Jolliffe and Goodhart (8, 28) 
were able to find clinical evidence of cardiovascular disturbances in 
one-third of their subjects having thiamine-deficiency polyneurop- 
athy. 

Clinically, the circulatory manifestations can be divided into three 
groups, as follows: (i) edema (and serous effusions) occurring with- 
out enlargement of the heart or other signs of congestive heart fail- 
ure; (2) edema and serous effusions occurring with supporting signs 
and symptoms of congestive heart failure, usually with definite 
roentgenographic evidence of cardiac enlargement; and (3) sudden 
circulatory collapse. 

Edema without enlargement of heart, or other signs of congestive 
heart failure, is the type of circulatory disturbance most frequently 
seen. The edema is dependent; it may be mild and limited to pitting 
at the ankles, or it may be anasarca. The edema cannot be attrib- 
uted to a failing heart, as there are no other signs of heart failure, 
such as an elevated venous pressure, prolonged circulation time, 
dilated cervical veins, or enlarged heart. In these subjects the plas- 
ma proteins are above the critical level of edema; though many sub- 
jects have edema due to low plasma proteins, these cases are not 
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included in this group. There is no evidence of renal disease. Also, 
the edema in many of these patients responds to bed rest alone, and 
in many subjects the response is dramatic. The novice is often be- 
wildered by seeing a patient with marked edema, possibly so exten- 
sive as to be anasarca, only to find the following day that the 
anasarca now consists of moderate, or even mild, pitting of the 
ankles. Similarly, mild or moderate degrees of edema frequently dis- 
appear with 24-48 hours of bed rest. 

The diagnosis of the cardiac form of beriberi should be made, in 
the absence of definite heart enlargement, only when there is evi- 
dence of congestive heart failure other than edema and serous effu- 
sions. If this rule is followed, the cardiac form of beriberi will, as a 
rule, manifest signs of both right and left heart failure, though the 
signs attributed to failure of the right heart usually predominate. 
Consequently, a patient with the cardiac form of beriberi usually 
shows, in addition to edema and possibly serous effusions, dilated 
cervical veins, a palpable liver, dyspnea, and orthopnea and will 
usually complain of palpitation, breathlessness, particularly after 
exertion, and often of precordial pain. Pulmonary congestion is com- 
mon; most patients develop pulmonary edema before exitus. The 
pulse is rapid and bounding, and often there is a high pulse pressure 
with pistol-shot sounds heard over the great arteries. Cyanosis is not 
frequent, but generalized arteriolar dilatation is common. The veloc- 
ity of the blood flow is usually normal or increased, and there is a 
low arteriovenous oxygen difference. As noted by Weiss, epinephrine 
exaggerates the S5nnptoms, while pitressin brings about temporary 
improvement. Teleoroentgenographic examination shows enlarge- 
ment of the heart, attributed chiefly to enlargement of the right 
ventricle and auricle; and, frequently, increase in the size of the pul- 
monary artery is noted. The left auricle and ventricle often contrib- 
ute to the enlargement of the cardiac shadow but, as a rule, to a les- 
ser extent than their mates on the right. Although few patients pre- 
sent normal electrocardiographic tracings, the alterations found are 
not usually characteristic so as to be diagnostic. 

Circulatory collapse and sudden death are described as common 
in all studies of beriberi in the Orient. Some resemble shock, with 
rapid, thready pulse and low or unobtainable blood pressure; others 
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resemble the syndrome produced by a hyperactive carotid«sinus re- 
flex of the vagotonic type. These manifestations may occur without 
previous warning^or only after other circulatory manifestations are 
well established. They occur most frequently in ambulatory pa- 
tients and particularly in those engaged in physical labor. 

DISTURBANCES IN FUNCTION 

We now come to disturbances in function. These may, of course, 
have an anatomic basis — but, if so, this has not been detected by our 
present technique. Disturbances in function due to thiamine de- 
ficiency are probably and logically much more common than the 
recognized anatomic lesions. Since these symptoms are often found 
only in patients ^'in whom nothing organic can be found,^^ they have 
heretofore been included in the diagnostic grab bag of ‘‘neurasthenia’’ 
(29-34). This syndrome consists of tension and irritable-weakness 
states. It is manifested in complaints of fatigability, weakness, and 
exhaustibility, head pressures, poor sleep, irritability, feeling of 
tenseness, various aches and pains, subjectively poor memory, and 
difficulty in concentration. Additional complaints referable to the 
bowels, heart, skin, and genitourinary apparatus are not uncom- 
mon. The genesis of this neurasthenic syndrome is not clear; but 
the author has suggested that anorexia, fatigability, and disturb- 
ances of sleep are the fundamental symptoms, which may occur from 
a variety of causes. These symptoms, if not soon corrected in a sus- 
ceptible individual, lead to the development of the complete picture. 
Various etiologies have been suggested, but none satisfactorily ex- 
plains the picture. Freud himself felt that neurasthenia was the re- 
sult of physical factors and not psychogenic. As the various hor- 
mones were isolated, each in turn was held responsible. In this vita- 
min era, similar indictments are being made. McLester (35) noted 
that many of the pellagra patients seen at the Hillman Hospital in 
Birmingham were considered neurasthenics before the objective 
signs of pellagra became manifest. It is now well recognized that in 
most pellagrins there is a coexisting deficiency of thiamine. He sug- 
gested that many of the nervous and mental symptoms of pellagra 
depend primarily on a lack of sufficient thiamine in the dietary 
regimen. 
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With a diet poor in vitamin B„ Jolliffe (31) and his co-workers 
were able to produce a neurasthenic syndrome in 4 out of 5 experi- 
mental subjects. The subjects (internes) complained at fatigue, lassi- 
tude, anorexia, precordial pain, burning of the feet, dyspnea on exer- 
tion, muscle cramps, and palpitation. The objective signs observed 
were skin dysesthesia in a sock distribution, changes in the electro- 
cardiogram, and calf-muscle tenderness. Symptoms were observed 
as early as the fourth day, and objective signs as early as the fifth 
day, although i subject developed no definite symptoms or objective 
signs in 30 days with a diet estimated to contain only 62 per cent of 
his vitamin-B, requirement. 

The addition of thiamine alone to the experimental diet caused all 
symptoms to disappear within 3 days, and the objective signs within 
6 days. 

For several years I have been cognizant of this group of symptoms 
in my patients having anatomic signs of a thiamine deficiency. In 
spite of the experimental work in our own clinic in producing a neu- 
rasthenia by an isolated thiamine deficiency, and in spite of Freud’s 
belief in its physical basis, I usually attributed it to an abnormal 
psyche, which, leading to further dietary restrictions, in turn led to 
the development of objective signs. Adequate treatment for the de- 
ficiency was followed (31) not only by disappearance of the anatomic 
signs but also, as a rule, of the neurasthenic syndrome. I then ap- 
plied to subjects having the neurasthenic syndrome without anatom- 
ic signs of vitamin deficiency the treatment regimen of dietary cor- 
rection, vitamin supplements rich in the entire B complex, and 
thiamine chloride. Many, though not all, of these patients were 
helped. The improvement was attributed to better nutrition plus 
the psychotherapy of this dietary regimen. Not until Williams, Ma- 
son, Wilder, and Smith (30, 31), in a well-controlled experiment with 
human subjects, reproduced this characteristic neurasthenic syn- 
drome by inducing an isolated thiamine deficiency, have I been 
willing to include this syndrome as a manifestation of thiamine de- 
ficiency. It should not be inferred, however, that all neurasthenia is 
based on thiamine deficiency. Such is definitely not the case. The 
problem is additionally complicated by the fact that similar syn- 
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dromes have been reported as cured by nicotinic acid, vitamin B^, 
and vitamin E. Furthermore, it should be kept in mind that these 
symptoms frequently respond to psychotherapy. The need to isolate 
the group due to nutritional failure from the larger group of neu- 
rasthenia, and each of the types of nutritive failure from each other, 
is obvious. 


BIOCHEMICAL LESIONS 

It is now possible to detect clinically certain of the biochemical 
lesions of thiamine deficiency. Evidence has been presented that py- 
ruvic acid is a normal intermediary in the metabolism of carbo- 
hydrate in vitro and in vivo, Banga, Ochoa, and Peters (36) demon- 
strated that thiamine pyrophosphate is necessary for the proper 
catabolism of pyruvic acid in experimental animals; and others have 
shown that pyruvic acid accumulates in body fluids in oriental beri- 
beri, a disease known to include thiamine deficiency. It is therefore 
logical to expect pyruvemia in human thiamine-deficient subjects in 
this country. 

Following the development by Bueding and Wortis (37) of an 
accurate method for the determination of blood pyruvic acid, using 
iodoacetate as a stabilizer, we (38) have investigated the pyruvic 
acid blood levels in normal subjects and in a variety of illnesses as- 
sociated and unassociated with thiamine deficiency. These subjects 
have been investigated under basal conditions and following meta- 
bolic strain produced by the oral ingestion of i .75 gm. of dextrose per 
kilogram of body weight (39). In 87 normal subjects the fasting 
blood pyruvic acid averaged i.o mg. per cent, with a variation of 
from 0.77 to 1. 1 6 mg. per cent. Three times the standard deviation 
would place the upper limits of normal at 1.30 mg. per cent. In 27 
normal subjects the pyruvemia was determined for 5 hours following 
glucose ingestion. The maximum rise, varying from 0.14 to 0.93 mg. 
and averaging 0.43 mg, above the fasting level, occurred at the end 
of I hour in every case but one, in which case the peak was reached in 
30 minutes. Following the peak, the pyruvic acid level fell, reaching 
the fasting level at or before the third hour in all but one subject; in 
the latter instance it returned to the fasting level at the fourth hour. 
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In two subjects the pyruvemia, after returning to a fasting level, 
again showed an elevation in the fourth hour. In both subjects this 
secondary rise was associated with hypoglycemia, which was demon- 
strable both clinically and chemically. 

In thiamine-deficient subjects, as evidenced by an acute bilateral 
peripheral neuropathy and in Wernicke’s disease, the fasting blood 
pyruvic acid was elevated in 45 of 48 subjects. Of greater sig- 
nificance, however, is the fact that, when these thiamine-deficient 
subjects were subjected to the additional stress of metabolizing in- 
gested dextrose, the pyruvemia was not only greater than normal 
but the maximum rise occurred after i hour and did not return to 
normal within 4 or 5 hours. 

Tissue depletion, as evidenced by blood levels of thiamine, is now 
under active investigation in more than one clinic; and soon we may 
expect correlation of anatomical, functional, and biochemical altera- 
tions. 
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RIBOFLAVIN 

PAUL GYORGY 

Babies and Childrens Hospital, and the Department of Pediatrics 
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R iboflavin is distinguished by two important and histori- 
cally interesting characteristics: (i) It was the first vitamin 
^to be recognized, on its isolation, as a pro-enzyme; in other 
words, in historical perspective it was the first representative of a 
rather large group of vitamins or vitamin-like substances that form 
part of definite enzymatic systems. (2) It was the first member of 
the vitamin B2 complex to be isolated and biologically and chem- 
ically identified (i, 2)- an achievement that gave stimulus to the 
speedy unraveling of the multiple vitamin B2 complex. 

By the end of 1932 only two separate components of the vitamin 
B complex had been distinguished, as needed by the rat : (a) vitamin 
Bi, the antineuritic factor; and (b) vitamin B2 (vitamin G in Ameri- 
can nomenclature), the antipellagra factor. The separate existence 
of a third factor, called vitamin B4, absence of which was said (3) to 
be associated with symptoms of nerve lesions, such as disturbance of 
co-ordination and ataxia, had not been generally accepted (4). Even 
less credit had been given to the claim that there were two more 
special factors, B3 and B5, as needed by pigeons (5). Chick and 
Copping (6) had postulated the existence of a separate growth- 
promoting water-soluble factor, but neither its specific biological 
effect nor its relation to the vitamin B complex had been investi- 
gated. 

The British Committee on Accessory Food Factors (7) in 1927 
defined vitamin Ba as 

the more heat-stable, water-soluble dietary factor, recently described and named 
P-P (* ‘pellagra-preventive ' 0 factor by Goldberger, Wheeler, Lillie and Rogers 
(1926) and found necessary for maintenance of growth and health and preyen- 
tion of characteristic skin lesions in rats, and considered by the latter workers 
to be concerned in the prevention of human pellagra. 
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Sure (8), Thatcher (9), and Gurin (10), and their associates, even 
before 1932, had expressed the opinion that vitamin Ba is a complex 
of two factors, one being predominantly growth promoting, the 
other the factor that prevents development of pellagra. None of the 
supporters of this theory, however, had been able to bring forward 
convincing proof for their views. Roscoe (i 1), as late as 1933, stated 
that in her extensive studies made on rats “no support was found for 
the theory postulating the existence of separate dietary factors re- 
sponsible respectively for preventing and curing dermatitis and for 
promoting growth.” 

My own studies of vitamin were prompted by a special interest 
which I took in pathological changes of the skin produced in rats by 
dietary means. I considered that egg-white injury and the so-called 
“rat pellagra” were the two most prominent conditions calling for 
investigation. The work on the factor protective against egg-white 
injury, vitamin H (12), now known as “biotin” (13), started in 1929, 
and that on vitamin Bj (i) in 1931. The chemical experiments in 
both investigations were done with the collaboration of Professor 
Richard Kuhn and members of his staff. Those on biotin (vitamin 
H) were continued and concluded in collaboration with Professor 
Vincent du Vigneaud and his co-workers. 

Research concerning vitamin Ba has made rapid progress. It was 
found that the weight curves of young rats kept on the ration origi- 
nally devised by Bourquin and Sherman (14), and at that time gen- 
erally used for the production of B* deficiency in rats, soon flattened 
out or showed decline (15). It was noted, moreover, that all the con- 
centrates which proved to be active in promotion of the growth of 
these rats were colored with an intensity in direct proportion to their 
biological effect. The color of these concentrates was green-yellow, 
and fluorescence was distinctly visible in those prepared in neutral 
solutions or in solutions not strongly acid or alkaline. Colored, clear 
concentrates, such as those prepared from heart muscle, were ex- 
posed to complementary wave-lengths of visible light for from 6 to 24 
hours. By the use of special filters care was taken to exclude the 
ultra-violet spectrum. It was thus definitely established (16; see also 
i) that exposure to visible light destroyed the vitamin-B, activity of 
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these concentrates, which, when they were not irradiated, were high- 
ly effective (Fig. i). 

In view of the fact that the biological activity of concentrates 
which were nonfluorescent as a result of their preparation in strongly 
acid or alkaline solution was also destroyed by visible light, it was 
thought that the inactivation was due probably to light absorption 
by the colored, dyelike vitamin itself rather than to photosensitiza- 



Fig. I. — Weight curves of 5 rats which were given vitamin Bi and liver concentrate 

irradiated at neutral (o — 0), at alkaline ( )f and at acid ( — ) reactions, and 

nonirradiated liver concentrate at neutral (— ) and at alkaline ( reactions. 

Riboflavin (10 /ug. daily) was added at the end of the fourth week. (From Gydrgy [16].) 


tion. Such a working hypothesis, which identified vitamin B, with a 
yellow-green pigment, soon met serious difficulties, when concen- 
trates that were fiurther purified and more highly colored proved to 
be biologically inactive. By supplementing the diet, however, with a 
yeast concentrate from which all colored material had been removed 
by adsorption, the biological activity of the colored preparation was 
restored. Thus it was proved (17; see also i, 15) that vitamin B* is, 
in fact, not a single substance but that it may be separated into two 
components, one of which was characteristically a pigment. 

By this approach, which can now be considered the first successful 
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attack on the biological analysis of the vitamin Ba complex, isolation 
and identification of the colored component of the Ba complex were 
readily achieved. The isolation was accomplished early in 1933 in 
collaboration with Kuhn and Wagner-Jauregg (i, 2). It soon be- 
came apparent that this substance, first obtained in pure form from 
milk and hence called ‘‘lactoflavin,’’ corresponded to the colored 
component of the “yellow oxidation enzyme^’ of Warburg and Chris- 
tian (18). One product resulting from the irradiation of this colored 
component was isolated in pure form by Warburg and Christian at 
the end of 1932 and is now known as “lumiflavin.” Lumiflavin is 
biologically inactive. 

Working independently, Ellinger and Koschara (19) had also 
called attention to the presence of this fluorescent substance in 
various tissues and tissue fluids. They, too, prepared purified con- 
centrates of the substance, the vitamin-like quality of which, how- 
ever, completely escaped their observation. 

The final experiment (i, 15) proving the growth-promoting ac- 
tivity of lactoflavin was carried out with the pure substance. The 
Bourquin-Sherman diet was replaced by a synthetic diet devoid of 
vitamin B and supplemented with crystalline vitamin Bi in place of 
the alcoholic wheat extract employed in the diet of Bourquin and 
Sherman. The weight curve of rats failing to grow on this diet 
showed no response when pure lactoflavin was added to the diet. 
The further addition of a yeast preparation free from lactoflavin, 
such as may be obtained, according to Peters and his collaborators 
(20), by adsorption of yeast concentrates on charcoal and subsequent 
elution with alcohol acidified with hydrochloric acid, resulted in 
rapid growth of the rats. Peters’ eluate was completely inactive in 
the absence of lactoflavin. Thus the close interrelationship between 
pure lactoflavin and other factors of the vitamin Ba complex was 
clearly demonstrated (Fig. 2). This experiment has been discussed 
at length because both its biological and its practical medical sig- 
nificance have apparently still not been generally appreciated. 

The supplementary effect of such flavin-free concentrates as 
Peters’ eluate was attributed at first to vitamin B4, which Reader 
(3) in Peters’ laboratory claimed at that time to be a member of the 
vitamin Ba complex. Actually, Peters’ eluate had been devised as a 
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potent concentrate of B, and B 4. A purified preparation of B 4, kindly 
placed at our disposal by Professor Peters, also proved to be effective 
in supplementing lactoflavin. Later, however, it became evident 
that this supplementary factor was a new member of the vitamin Bj 
complex, a factor in which the so-called “B4” concentrates were 
rich. I then called it “vitamin B6” (17, 21). 



Courtesy of the ** Biochemical Journal** 


Fig. 2. — Weight curves of 2 rats which were given, in addition to the basal diet, 
3 pigeon doeses of vitamin Bx daily. Animal — was given a daily supplement of lo/zg. 
of riboflavin, and at the end of the fourth week i ml. of Peters’ eluate daily was also 
added; animal was given a daily supplement of i ml. of Peters’ eluate, and at 
the end of the third week 10 ng. of riboflavin daily was also added. An increase of weight 
was produced only by the combined administration of vitamin Bx + riboflavin -f 
Peters’ eluate. (From GyQrgy [15].) 


The work of Warburg and Christian (i8) on the “yellow oxidation 
enzyme” and my own studies on vitamin Bj, carried out in collabora- 
tion with Kuhn and the members of his staff (1,2), started from com- 
pletely different points of view. One can even now distinguish be- 
tween those aspects of the problem pertaining to cell oxidation and 
inaugurated by Warburg, and in part before him by Szent-Gyorgyi 
(22) and their collaborators, and those which constitute more partic- 
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ularly a dietary problem. In the last analysis this distinction is, of 
course, artificial. 

Shortly after the isolation of the flavin from milk (23, 2), crystal- 
line flavin preparations were obtained from egg white (2). One of 
these concentrates was found to be biologically inactive. In the light 
of such differences the suggestion was made that the term “flavin” be 
reserved for the whole group of these yellow fluorescent water- 
soluble pigments and that a prefix be attached to indicate their 
origin. Accordingly, the term “ovoflavin” was introduced to desig- 
nate the flavin isolated from egg white; “hepatoflavin,” the flavin 
from liver; and so forth. 

Parallel to this preparatory work, the chemical identification of 
the flavins was being attacked successfully in different laboratories. 
Karrer (24), Kuhn (25), and Stern (26) and their respective col- 
laborators laid the groundwork for the structural analysis. The syn- 
thesis was performed in 1935 independently by Kuhn and by Karrer 
and their collaborators. 

The first conclusion drawn from the chemical analysis was that all 
biologically active flavins are chemically identical. The biologically 
active flavin is a derivative of isoalloxazine with two methyl groups 
and a sugar (pentose) radical attached. Since in lactoflavin the sugar 
radical is ribose, the term “lactoflavin” has been changed to ribofla- 
vin, a designation which in 1937 was adopted (27) by the Council on 
Pharmacy and Chemistry of the American Medical Association and 
is now in general use. The terms “lactoflavin,” “ovoflavin,” and 
“hepatoflavin” have been discarded. 

Riboflavin (C17H20N4O6) is 6, 7-dimethyl-9-(d,i'-ribityl)-isoalloxa- 
zine. The structural formula is shown in Figure 3. Riboflavin forms 
clusters of fine orange-yellow crystals which melt with decomposi- 
tion at about 275® C. It is sparingly soluble in water, showing an 
intense greenish-yellow fluorescence visible optimally between pH 3 
and 9. Irradiation of alkaline solutions causes the formation of bi- 
ologically inactive, chloroform-soluble lumiflavin, whereas irradia- 
tion of acid or neutral solutions brings about the formation of the 
blue-fluorescent, biologically inactive degradation product, lumi- 
chrome, together with varying amounts of lumiflavin. 

In cells and cell products, such as milk, riboflavin exists in the free 
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state or is bound with protein, when it is called “flavoprotein” (28). 
These flavoproteins form part of various enzymatic systems. Six rep- 
resentatives of the group of flavoproteins prepared from yeast, heart, 
kidney, milk, and liver are, at the present time, fairly well char- 
acterized as to their prosthetic group, the position of the adsorption 
bands, and the substrate on which they act. 

The first step that leads from free riboflavin to flavoprotein is ap- 
parently the phosphorylation of the riboflavin molecule. Laszt and 
Verzdr (29) claimed that this phosphorylation is regulated by the 
adrenal glands and that dysfunction of phosphorylation mechanisms 

Cl^OH 

HO-C-H 

HO-C-H 

HO-C-H 

IfH. 

Fig. 3. — Structural formula of riboflavin 

produces a spruelike condition. These claims have been refuted and 
their foundation disproved (30). 

Deficiency of riboflavin must naturally lead to a disruption of all 
cellular reactions that are linked with enzymatic processes in which 
flavoproteins participate. From the nutritional point of view, one 
should, however, bear in mind the important fact that, in addition to 
lack of flavoproteins, lack of the substrate will have an equal effect 
on cell metabolism and therefore also in respect to pathological mani- 
festations. This conclusion is clearly illustrated by recent studies on 
carcinoma of the liver in rats fed a diet containing ‘^butter yellow’^ 
(paradimethylaminoazobenzene). It has been shown by Rhoads and 
his collaborators (31) that the presence of riboflavin is essential in 
order to prevent the production of injury of the liver following the 
ingestion of ‘‘butter yellow,^' provided that casein is incorporated 
simultaneously in the diet. It has been shown by work in our lab- 
oratory (32) that casein can be replaced in the diet by a combination 
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of cystine and choline. It can be assumed, therefore, that riboflavin 
as part of the enzymatic system, together with cystine plus choline, 
or rather that the product (perhaps methionine) built up by the in- 
teraction of these substances, is responsible for the prevention of 
liver injury in rats fed a diet containing “butter yellow.” 

Riboflavin is needed apparently by all animals — by man and even 
by a large number of bacteria. In ruminants— for instance, in sheep 
— riboflavin is synthesized in the rumen by bacteria (33). 

Lack of riboflavin manifests itself first by retardation and later by 
complete cessation of growth. The more specific S5Tnptoms vary to 
some extent from one species to another. In rats riboflavin deficiency 
is characterized mainly by a specific involvement of the ectodermal 
organs, such as the skin and the eyes, as well as by suspended growth. 
The skin manifestations in riboflavin deficiency in rats are not so 
characteristic and striking as they are in the so-called “rat pellagra,” 
now known as “rat acrodynia” (21), resulting from a deficiency of 
vitamin B6. They are, rather, of a more trivial nature, with very 
definite seborrheic qualities. Progressive alopecia is the leading 
S)miptom. It is localized in certain areas, such as the back between 
the shoulders, the lines joining the eyes and ears (leaving a median 
comb of hair in between), and, finally, the chest. In many cases 
there may be observed minute, almost punctate, whitish yellow 
scales on the uninflamed skin in the midst of the scanty patches of 
fur. The fur may also appear moist and matted (Fig. 4). In ad- 
vanced cases the eyes are sometimes surrounded by a spectade- 
like loss of hair, while the eyelids are often stuck together with a 
serous, reddish fluid (15). In black and piebald rats whose diet was 
deficient in riboflavin, graying of the fur was noticed by Hunt (34), 
despite the presence of all other known members of the B, complex. 

If treatment, i.e., addition of riboflavin to the diet, is not begun in 
time, the animals succumb to general exhaustion. The end is usually 
ushered in by meteorism, dyspnea, and blue discoloration of the 
extremities. Continuous administration of riboflavin at the appro- 
priate time will avert this end, and gradually all pathological mani- 
festations will regress until they have completely disappeared. 

Chronic riboflavin deficiency in rats has been found, in our own 
investigations, to be often accompanied by pediculosis (35). At first. 
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pediculosis was regarded as a purely accidental and unspecific oc- 
currence, related possibly to a generally diminished vitality in these 
rats because they were unable to keep themselves clean in the ef- 
ficient manner of normal animals. The majority of the rats with 
pediculosis, however, were by no means weakened and inactive. 
Moreover, pediculosis has never been observed in rats receiving a 



Courtesy of the ^^Biochemical JournaV^ 

Fig 4. — Deficiency syndrome in rat fed a diet deficient in riboflavin 

vitamin-B-free diet supplemented with vitamin B, and riboflavin, 
even when they were moribund from acrod)mia (B* deficiency). In 
rats suffering from riboflavin deficiency and also from pediculosis, 
therapeutic administration of riboflavin was followed by complete 
disappearance of the pediculi, which was often accompanied by re- 
placement of the diseased patches by new fur. That it is possible to 
cure pediculosis in rats by nutritional means is in itself a significant 
finding and adds further weight to the conclusion that pediculosis 
and riboflavin deficiency in rats, at least under the conditions chosen, 
are interrelated. The practical implications of these findings with 
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special reference to skin parasites in man have not yet been investi- 
gated. 

Another ectodermal organ, the eye, plays a prominent and per- 
haps the most specific role in riboflavin deficiency in rats. The ocu- 
lar changes involve the cornea and, to a limited extent, the lens. 

Attention to these lesions was called first by Day and his associ- 
ates (36). According to these authors, cataract developed after from 
4 to 1 2 weeks in a very high percentage of rats kept on a synthetic 
diet which had been carefully freed from riboflavin and supple- 
mented with other members of the vitamin Bj complex, whereas rats 
that received riboflavin in their diet showed no lenticular changes. 
In its initial stages cataract, they found, could be stopped from 
spreading by timely administration of riboflavin. Other investiga- 
tors, such as Bessey and Wolbach (37), myself (38), and Eckardt and 
Johnson (39), have been unable to obtain so high an incidence of 
cataract. In the few cases of cataract seen in rats by Eckardt and 
Johnson the opacity started from the fetal nucleus and then ex- 
tended in rapid progression over the whole lens. The discrepancy be- 
tween the observations on cataract made by Day and his col- 
laborators and those of other workers has not yet been explained. 
In contrast to the apparently irregular formation of cataract, corneal 
vascularization has been found generally to be the most consistent 
ocular change in riboflavin-deficient rats (Fig. 5). The vasculariza- 
tion starts as ‘^a marked radial ingrowth of capillaries into the cornea 

from the vessels of the limbus The first capillaries to be seen 

lie just beneath the corneal epithelium, close to the limbus’’ (Bessey 
and Wolbach [37]). They ‘‘often form intertwined loops” and “may 
extend far toward the center of the cornea before leucocytes appear 
outside of the vessels” (37). Keratitis may precede the vasculariza- 
tion; but, as a rule, it is a late and probably a secondary complica- 
tion, appearing together with necrosis and ulceration. When it is 
present, the ulcer lies centrally from the capillary loops; and in this 
respect, as well as in others, the picture closely resembles that of so- 
called ^Vosacea keratitis” in man. Administration of riboflavin in 
proper doses prevents and cures the corneal changes due to riboflavin 
deficiency. 

It should be emphasized that, even from a strictly dietary point of 
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view, neither pediculosis nor the lesions of the cornea, such as vas- 
cularization, keratitis, and ulceration, are limited to riboflavin de- 
ficiency. Pediculosis has also been observed (40) in rats fed supple- 
ments of vitamin B„ riboflavin, and vitamin Be, in addition to the 



Courtesy of tke ** Archives of Ophthaimohgy** 

Fig. 5. — Vascularized cornea of rat fed a diet deficient in riboflavin. India ink was 
injected into the heart before complete corneal section. The iris was removed, and the 
cornea was fixed to preserve its normal curve. (From Eckardt and Johnson [39].) 

usual vitamin-B-free diet. It was then cured or prevented from re- 
curring by the further supplement of pantothenic acid (41). Rats 
kept on the simple diet for producing acrodynia, consisting of a vita- 
min-B-free ration plus vitamin Bi and riboflavin, were, as already 
mentioned, free from pediculosis. 

Keratitis and vascularization of the cornea were frequently en- 
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countered in rats that received vitamin Bi, riboflavin, vitamin Be, 
and pantothenic acid as supplements to their vitamin-B-free diet 
(41). In rats with simple acrodynia (those fed a diet lacking vitamin 
Be) corneal changes were not seen (41). 

All these experimental observations need further amplification 
and analysis. Even now, however, one can see in them ample proof 
of the complicated interaction of several dietary factors, most of 
which pertain to the vitamin B2 complex. 

Riboflavin deficiency has been studied most intensively in rats, 
but data arc also available oh the effect of the lack of riboflavin in 
other animals. Chicks are apparently very sensitive to an insuf- 
ficient supply of riboflavin. In addition to stunted growth, the most 
common effect in chicks is the so-called ‘'curled toe paralysis'’ (42), 
which has been correlated with nervous changes found on histological 
examination of the corresponding peripheral nerves. 

Egg production and hatchability (43) of eggs are intimately re- 
lated to the riboflavin content of the diet and consequently to the 
riboflavin content of the egg. The latter can be increased by the diet 
to a maximum content of 2.9 ^tg. per gram of the egg white and of 
3.9 Mg. per gram of the yolk. The skin and feathers of chicks kept on 
a diet deficient in riboflavin remain intact; feather production in 
turkey poults, however, is definitely impaired (44). 

Dogs (45), and apparently also pigs (46), that have reached a 
severe stage of riboflavin deficiency often exhibit a syndrome of sud- 
den fatal collapse with signs of vagotonia and drop in body tempera- 
ture; at autopsy a “yellow,” fatty liver is revealed. This syndrome, 
first described by Sebrell and his associates (45), is probably only the 
last stage of degenerative changes that take place in the peripheral 
nerves and in the posterior columns of the spinal cord. Corneal 
changes, as well as scaly dermatoses similar to those encountered in 
rats, are also seen in dogs and pigs. 

The skin, the eye, the eye lens, and the nervous system are all 
made up of ectodermal tissue and are evidently especially susceptible 
to riboflavin deficiency. Other tissues, however, are by no means re- 
sistant to lack of riboflavin. In collaboration with Whipple and 
Robscheit-Robbins (47) we were able to show that administration of 
riboflavin to dogs with posthemorrhagic anemia was followed by a 
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distinct increase in production of hemoglobin, in contrast to control 
animals fed a special diet poor in riboflavin. 

The Bourquin-Sherman unit of riboflavin is the rat-day dose 
which maintains growth in rats for 8 weeks with an average weekly 
gain in weight of 3 gm. It corresponds to about 2.5 /ig. of riboflavin. 
Chick et al. (48) and I (15), on the other hand, have advocated as the 
unit of riboflavin the rat-day dose which for 4 weeks would permit a 
gain of 10 gm. a week on a riboflavin-free diet supplemented with a 
riboflavin-free concentrate of the vitamin complex. This unit var- 
ies within limits, according to the nature of the supplement used. 
When Peters’ yeast eluate is employed, the unit has been found to be 
about 7 Mg* of riboflavin. 

For the quantitative analysis of riboflavin in food products and 
in concentrates various methods have been devised. 

I am indebted to my collaborator. Dr. Robert E. Eckardt, for the 
data collected with regard to these assay procedures and for tabula- 
tion of the results concerning distribution of riboflavin in food prod- 
ucts. 

There are, in general, two chief types of assay at the disposal of the 
investigator — those which take advantage of the physicochemical 
properties of riboflavin, and those which take advantage of its 
biological properties. 

Assays dealing with the physicochemical properties of riboflavin 
may be subdivided into three groups: (i) those which measure the 
yellow color of the riboflavin (colorimetric determination) (49, 50) ; 

(2) those which measure the yellow-green fluorescence of riboflavin 
in blue or ultra-violet light (fluorimetric determination) (51, 52) ; and 

(3) those which depend on the conversion of riboflavin in alkaline 
solution by visible light into the chloroform-soluble photoderivative, 
lumiflavin, and the subsequent determination of the lumiflavin either 
colorimetrically or fluorimetrically (53, 54). 

In both the colorimetric and the fluorimetric determination of 
riboflavin in foodstuffs or in biological materials, riboflavin must be 
extracted; and, furthermore, any pigments other than riboflavin 
which might interfere with the determination must be removed. An 
attempt was made to achieve the latter objective by the use of po- 
tassium permanganate, sodium hyposulfite, or hydrogen peroxide. 
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These methods have, in general, been found unreliable (55), mainly 
for two reasons: because the removal of interfering pigments is in- 
complete, and the riboflavin values found are, accordingly, exces- 
sively high, and because riboflavin may be also partly destroyed, 
yielding values that are lower than is actually the case. 

The method involving lumiflavin takes advantage of the fact that 
riboflavin is converted to the photoderivative lumiflavin by irradia- 
tion in an alkaline solution. The lumiflavin can be extracted from 
acid solutions by chloroform and can therefore be separated easily 
from the other, interfering water-soluble pigments present in the 
material to be tested. Lumiflavin, moreover, has a yellow color and 
fluoresces yellow-green when it is exposed to ultra-violet light, so 
that it can be estimated either colorimetrically or fluorimetrically. 
Here, again, the extraction of lumiflavin is often incomplete, the 
colorimetric and fluorimetric determinations are inaccurate, and, 
finally, the conversion of riboflavin to lumiflavin is accompanied by 
inconstant and unpredictable losses constituting as much as 60 per 
cent of the content of riboflavin (54, $6). 

In view of these possible errors, the conclusion appears to be war- 
ranted that the only acceptable determination of riboflavin is the 
biological one (55), using either the higher animals, such as rats and 
chicks, or bacteria as test subjects. The animal experiments are nat- 
urally long and cumbersome and have a limited degree of accuracy, 
but the results obtained are directly correlated with the biologically 
active flavins. 

In these biological tests on animals the basal diet should be de- 
ficient in riboflavin and in riboflavin only. For this reason it is dif- 
ficult to evaluate assays of riboflavin that were made by the usual 
rat-growth methods before the other components of the vitamin Ba 
complex had been recognized. With regard to basal diets to be used 
in the assay of riboflavin by the rat-growth method, the ideal diet 
would be one deficient in the vitamin B complex and supplemented 
with adequate and known amounts of thiamine, pyridoxine, pan- 
tothenic acid, choline, and other factors, except riboflavin, known 
to be essential for the growth of rats. An ideal diet of this kind 
cannot, as yet, be prepared; and, until it is, we can accept as 
only tentative the values for riboflavin determined by the rat- 
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growth method. The most complete diet with regard to all the neces- 
sary food constituents except riboflavin is apparently a basal diet 
devoid of the vitamin B complex and supplemented with all the 
knbwn pure vitamins and a riboflavin-free liver extract, such as has 
been used by El Sadr and Macrae (57) and by Elvehjem (58) and 
their respective collaborators. 

Snell and Strong (59) have worked out a quantitative estimation of 
riboflavin, using bacteria. They found that within certain limits the 
formation of acid by Lactobacillus casei e is proportional to the 
amount of riboflavin present in the medium. Their basal medium 
was adequate for the growth of this organism in all respects except 
riboflavin. This method is known as the “microbiological method.” 

This simple and quick method has been used with different modifi- 
cations by various investigators. Blood appears to contain a sub- 
stance different from riboflavin that enhances the effect of riboflavin 
on Lactobacillus casei e. Thus the microbiological method, at least 
without further modification, is not applicable to the determination 
of riboflavin in blood. Urine and a large number of food products 
seem to be devoid of the specific interfering substance present in 
blood. 

The results obtained by various investigators by each of the two 
biological methods of estimation of riboflavin content in foodstuffs 
have been collected by my collaborator. Dr. Eckardt, in Table i for 
comparison. It is apparent that discrepancies exist between the val- 
ues determined by the two different methods. 'When necessary to do 
so, the conversion factor i Bourquin-Sherman unit = 2.19 jug. of 
riboflavin was used (59). 

Disregarding differences in the methods, a review of the collected 
data reveals a somewhat surprising scarcity of riboflavin in the food 
products in common use. With the exception of milk, liver, kidney, 
and eggs, all common foodstuffs are rather poor sources of riboflavin. 
In this connection it is interesting to note that even whole cereals are 
by no means rich in riboflavin, in contrast to their high content of 
thiamine, pyridoxine, and pantothenic acid. 

For these data to have practical implications the riboflavin re- 
quirement of the human organism should be established. 

I believe, however, that I stand on sufficiently solid ground to 
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Occurrence of Riboflavin in Natural Foodstuffs 
IN Decreasing Order of Potency* 

(Micrograms per Gram of Fresh Weight, except When Otherwise Indicated) 


Substance 


Growth 

Method 


Micro- 

biological 

Method 


Ox-liver meal, dry .... 
Yeast, dry 

Liver, pig 

Liver, beef 

Liver, calves 

Kidney, beef 

Kidney, calves 

Milk powder 

Alfalfa meal, dry 

Chees^, American .... 

Eggs, yolk 

Heart, beef 

Wheat germ 

Liver, cod 

Cheese. Swiss 

Cod roe 

Plums, dried 

Heart, pig 

Peanuts 

Cheese, Cheddar 

Soybean oil meal 

Sardines 

Herring 

Egg white 

Soybean meal 

Peas, dried 

Brain, beef 


45 (so) 

68 (60) 

72 (52) 

50(59) 

61.5(58) 

62.5(58) 

73 (60) 

36-52 (52) 

37 (so) 

25.4-29(59) 

23 (62) 

18-21 (63) 

16-25 (6rt) 

21-25 (63) 

23 (62) 

44 (so) 

17-21 (61) 

20-27 (63) 

16-20(61) 

18-20 (63) 

18-22(61) 1 

16-20(61) 


20(59) 

17-20(52) 


17 (so) 

20 (58) 

I3-*S (52) 

8(61) 


3.4-4.2(61) 

7.6(59) 


7.6(63) 

7 (38) 



6.S (so) 

6(6i) 


0(so) 

S. 2-6. 2 (6i) 


4.7(60) 
4 -S (61) 


3.5(50) 

3 . S (60) 

1 .6-2. 2 (61) 

2. 0- 2. 5 (61) 

8.s(6o) 

2.0- 3.13 (61) 


5 (63) 


4 (S2) 


3 . 1 (so) 


3(59) 


2.5(63) 


Substance 

Oats, ground 

Veal 

Tongue, beef 

Pig loin 

Kippers 

Muscle, beef 

Milk, whole (per cc.) . . 


Eggs, whole 

Wheat, whole 

Corn, yellow 

Rice polishings 

Cheese, cream 

Cauliflower 

Carrots 

Beets, red 

Cabbage 

Peas, green 

Spinach 

Pears 

Molasses, cane 

Bread, wheat 

Bananas 

Beans 

Potatoes 

Apples 

Tomatoes 


Rat- 

Growth 

Method 


Micro- 

biological 

Method 


2 -5 (65) 

3 0-3.75 ( 6 i)| 


2.19(62) 
2 (so) 


2.4 (63) 

2 (63) 

2. 0-2. 7 (63) 


1 76-2.55(61) 
2 . 4 (so) 

1. 0-1.88 (6i) 
0.6-2.25(61) 

2.2-2.75 (61) 

I . 75 (65)^ 
about I (6s) 


1 9 (63) 

I 5-2.5(59) 


1.9-2 3(64) 


1.5(65) 

about 1 . 5 (38) 

1.4(61) 

1.0-1.25(61) 
1.2-i.S (6i) 

1.0-1.25(61) 

1.0- 1.25(61) 

1 .0- 2.5 (61) 
0.5-1.5(61) 

1.0- i. 25(61) 
1.8 (so) 

2.5-3.13(61) 

1.0- 1.25(61) 
about I (38) 

o. 76(61) 
0.7-0.88 (6i) 


0.5-0.63 (61) 

0.5-0.63(61) 

0.4-0.75(61) 

0.4-0.63(61) 

0.24-0.3(61) 

0.32-0.4(61) 


* As determined by the microbiological method when the two methods showed varying results. Num- 
bers in parentheses refer to references in the bibliography at the end of the chapter. 

t Our attention has been called by Dr. Hazel £. Munsell to the fact that the values given by Emmerie 
(6x) were partly converted values taken from the 1933 edition of H. C. Sherman, Chemist^ of Food and Nu- 
trition, or from E. P. Daniel and H. E. Munaell, The Vitamin Content of Foods .... (U.S. Dept. Agric. Misc. 
Pub, 275 (June, 1937]). A conversion factor of from 2 to 2.5 was used in changing the biological imits to 
milligrams. Both of these publications have been superseded by more recent ones — Dr. Sherman's by a 
new edition, and Dr. Munsell's by a table in **Vitamin 8 and Their Occurrence in Foods,*' MUhank Fund 
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credit riboflavin, as a food constituent, with special importance, on 
the basis of its physiological role in a large and increasing number of 
cellular reactions, as well as on the basis of its distribution in food 
products. 
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HUMAN RIBOFLAVIN DEFICIEJfCY 
(ARIBOFLAVINOSIS) 

W. H. SEBRELL 

Division of Chemotherapy, National Institute of Health 
U.S. Public Health Service, Bethesda, Maryland 

T he identification of human riboflavin deficiency, or aribo- 
flavinosis, necessarily awaited the isolation of riboflavin, 
as well as the identification of nicotinic acid as a pellagra- 
curative substance. With these two materials available in pure form, 
Sebrell and Butler (i, 2 ) in 1938 and 1939 observed a group of 
patients On a diet low in both riboflavin and nicotinic acid and 
studied the symptomatology which developed and failed to respond 
to nicotinic acid but did respond to riboflavin. 

These observations clarified, to some extent, a confused clinical 
picture which had been recognized by the earliest writers on pellagra. 
Strambio (1794) and Roussel (1845) a number of the other ear- 
lier writers recognized a form of pellagra without skin lesions, which 
they called '^pellagra sine pellagra.'^ It is possible that at l6ast some 
of these cases may have been riboflavin deficiency, although it must 
be remembered that many of these could also have been nicotinic 
acid deficiency without skin lesions. However, in 1918 Goldberger, 
Wheeler, and Edgar Sydenstricker (3) first made the suggestion that 
two separate dietary factors may have been concerned in the produc- 
tion of clinical pellagra; and they stated: *Tt is suggested that .... 
pellagra includes at least two commonly associated, etiologically dis- 
tinct, though closely related, syndromes.’^ Gtoldberger and Tanner 
(4) in 1925, in some experiments with a casein diet, described a 
syndrome under the title of ‘‘pellagra sine pellagra,” which now ap- 
pears to have been riboflavin deficiency. The latter state : 

.... there developed .... a dry, glazed, vermilion border of one (usually 
the lower) or both lips with or without scaling or exfoliation; erosions of the skin 
at the angles of the mouth with or without Assuring of the commissures; 
perleche; reddening of one or both lips, alone or associated with stomatitis; slight 
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seborrhoea about the nose In addition there appeared in several of the 

patients a peculiar, to us unfamiliar and heretofore undescribed, lesion (a more 
or less marked accumulation of a pasty, caseous material on a linear reddening 
of the skin) in the groove at the angles of the nose and in the transverse groove 
below the nasal septum; in some there developed a conjunctivitis with a secre- 
tion that tended to accumulate and dry at the inner canthus of the eyes or on 
the lids along the palpebral margin. 

Some of these symptoms are similar to those seen by Stannus (5) in 
association with pellagra in Nyasaland in 1912. 

Goldberger and Tanner then go on to say that the lesions about 
the nose and the conjunctivitis were entirely new in their experience 
with pellagra. In the light of our knowledge today there is little 
doubt that Goldberger and Tanner were describing riboflavin de- 
ficiency, and their work recalls Goldberger’s earlier suggestion that 
the condition characterized by these symptoms may be distinct from 
pellagra as characterized by the typical dermatitis. This possibility 
was discussed at some length by Wheeler (6) in 1933. At about the 
same time, many reports were appearing from various parts of the 
world describing clinical syndromes in many respects similar to this 
and attributed to a nutritional defect of some kind. Thus, Wright 
(7) in 1930 had described in Sierra Leone skin lesions at the muco- 
cutaneous junctions, together with disorders of the nervous system 
cured by the use of cod-liver oil and yeast. 

Fitzgerald (8) in 1932 reported an outbreak of ulceration at the 
angles of the mouth and gastrointestinal symptoms in an Assam 
prison and found i ounce of yeast daily of benefit. Moore (9) in 1934 
described a syndrome of photophobia, sore mouth, white patches at 
the edges of the lips, dry, scaly, itchy scrotum, and nervous manifes- 
tations in Nigeria; and he later reported (10) that the condition was 
benefited by yeast. 

Landor and Pallister (ii) from Singapore and Johore, Cicely D. 
Williams (12) from the Gold Coast, and Aykroyd and Krishnan (13) 
from India have described clinical syndromes with lesions in the 
angles of the mouth which appeared to be nutritional in origin and 
which in some instances responded to treatment with yeast. 

It still has not been clarified whether all or any of these conditions 
are due to riboflavin deficiency. It is quite possible that some of 
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them are multiple deficiencies and that riboflavin deficiency may be 
involved in the production of some of the lesions. In the meantime, 
in the course of studies on experimental pellagra, or blacktongue, in 
dogs, Sebrell (14) reported a fatty degeneration of the liver, which he 
stated was probably associated in some manner with the diet; and in 
1933 (i 5) he reported an extensive series of experiments to show that 
this condition, then designated ^^yellow liver, was probably due to a 
deficiency of a hitherto unrecognized dietary factor for dogs. 

Zimmerman and Burack (16) in 1934 observed lesions in the cen- 
tral nervous system in dogs on diets deficient in vitamin G (Ba), and 
Zimmerman, Cowgill, and Fox (17) in 1937 extended these observa- 
tions; while Sebrell, Onstott, and Hunt (18) presented evidence that 
the ‘‘yellow liver'’ previously described by them was due to ribo- 
flavin deficiency. In 1938 Sebrell and Onstott (19) described ribo- 
flavin deficiency in the dog, and this was confirmed by Street and 
Cowgill (20) in 1939. Street, Cowgill, and Zimmerman (21) recently 
have extended their studies to include chronic riboflavin deficiency 
in the dog. 

Thus, in 1938 it was evident that riboflavin deficiency occurred in 
the dog sometimes in connection with experimental pellagra diets, 
and there were a number of reports in the literature of a clinical 
syndrome in man different from typical pellagra but frequently 
associated with pellagra; and Sebrell (22) again discussed the possi- 
bility of clinical pellagra being a multiple deficiency and mentioned 
that riboflavin deficiency might occur in man. Thus, with nicotinic 
acid and riboflavin available, Sebrell and Butler were able to sepa- 
rate the symptoms of riboflavin deficiency from those of nicotinic 
acid deficiency and to show that symptoms similar to those formerly 
described by Goldberger as pellagr-a sine pellagra were due to ribo- 
flavin deficiency. The changes as observed by Sebrell and Butler (i, 
2) consisted of lesions on the lips, which began with pallor of the 
mucosa in the angles of the mouth. This pallor was soon followed by 
maceration; and within a few days superficial linear fissures, usually 
bilateral, appeared exactly in the angle of the mouth. These fissures 
showed very little inflammatory reaction, remained moist, and be- 
came covered with a sup)erficial yellowish crust, which could be 
scraped off without bleeding. In some instances these linear fissures 
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showed a tendency to extend onto the skin of the face but did not 
extend into the mouth. At the time the fissures were developing, the 
lips became abnormally red, shiny, and superficially denuded along 
the line of closure. These lesions of the lips were designated ^'cheilo- 
sis.” 

In addition to the cheilosis, there was also a scaly, slightly greasy 
desquamative lesion on a mildly erythematous base in the nasolabial 
folds, on the alae nasi, in the vestibule of the nose, and occasionally 
on the ears and around the eyelids, especially at the inner and outer 
canthi. 

It was demonstrated that these lesions occurred on a riboflavin 
deficient diet, disappeared on administration of riboflavin, recurred 
on withdrawal of riboflavin, failed to respond to treatment with 
nicotinic acid, and occurred even though sufficient nicotinic acid was 
given to cure pellagra. 

Following this, Vilter, Vilter, and Spies (23) noted clinical im- 
provement in cases of pellagra following the administration of ribo- 
flavin; and Oden, Oden, and Sebrell (24) observed 3 cases of aribo- 
flavinosis which responded to riboflavin administration. These 3 
cases were the first of this deficiency disease to be recognized and 
reported in a practitioner's private practice. 

Spies, Bean, and Ashe (25) report patients having such lesions 
who responded to riboflavin, and noted the occurrence of comedones 
giving a ''sharkskin” appearance in the region of the nose and eyes 
and occasionally of the ears and malar prominences. Spies (26) re- 
ports two cases succe.ssfully treated with the phosphoric ester of 
riboflavin. Spies, Bean, and Ashe also noted that some of these pa- 
tients gave a history of visual disturbances. Spies, Vilter, and Ashe 
(27) mention the symptoms of riboflavin deficiency seen in their 
patients and describe an eye lesion, characterized by conjunctivitis, 
lacrimation, burning of the eyes, and failing vision, which in some 
instances responded to riboflavin. 

Jolliffe, Fein, and Rosenblum (28) then recognized the condition 
as one which they had been observing in patients in New York, and 
they reported 15 cases recognizing additional facial lesions, which 
consisted of filiform excrescences of a seborrheic nature located espe- 
cially in the nasolabial folds and alae nasi, and occasionally on the 
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bridge of the nose. Because of the frequency with which they have 
seen the condition, they express the opinion that it may not be 
uncommon in the northeastern states. V. P. Sydenstricker, Geeslin, 
Templeton, and Weaver (29) reported 6 cases from Georgia and 
noted in 2 cases the presence of conjunctivitis, which responded to 
riboflavin therapy. 

In 1940 Kruse, Sydenstricker, Sebrell, and Cleckley (30) called 
especial attention to changes in the tongue associated with riboflavin 
deficiency. A specific type of glossitis was recognized in which the 
tongue is clean, the papillae flattened or mushroom-shaped rather 
than atrophic, and the color definitely magenta or purplish-red, in 
contrast to the scarlet-red tongue of nicotinic-acid deficiency. These 
authors also report 9 cases, and later Sydenstricker, Sebrell, Cleck- 
ley, and Kruse (31) report a total of 47 cases, of riboflavin deficiency 
in which ocular lesions were present as a result of interstitial kerati- 
tis. Johnson and Eckardt (32) reported similar findings under the 
designation of '^rosacea keratitis.’’ 

It is to be noted that Spies, Bean, and Ashe (25) and Spies, Vilter, 
and Ashe (27) were the first to report instances in which ocular 
lesions responded to treatment with riboflavin, although they did 
not report the symptoms as being due to the presence of keratitis. 

Pock-Steen (33) reported that photophobia, dimness of vision, 
mydriasis, and keratitis in 109 patients with sprue were cured by 
riboflavin. 

The occurrence of eye lesions in experimental animals with ribo- 
flavin deficiency has been noted by many observers. The most de- 
tailed study of corneal vascularization in rats on a riboflavin-defi- 
cient diet is that of Bessey and Wolbach (34), who stated that vas- 
cularization of the cornea was an early and constant finding in 
riboflavin-deficient rats. Eckardt and Johnson (35) also noted kera- 
titis or vascularization of the cornea in rats on a riboflavin-deficient 
diet. 

It is of interest to recall, in this connection, that eye symptoms of 
various kinds have been described in association with pellagra from 
the very earliest literature on the subject, being mentioned as early 
as 1791 by Soler, and in this country especially by Clark (36) and 
Whaley (37) in 1909. It now appears likely^ that some of these eye 
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lesions were due to riboflavin deficiency, since the eye symptoms 
reported are so similar to those seen with the corneal vascularization 
and keratitis of riboflavin deficiency. The principal eye symptoms 
are severe photophobia, circumcorneal injection and a burning sen- 
sation of the eyeball, dimness of vision and intense injection of the 
vessels of the fornix, and sclera which superficially resembles con- 
junctivitis. Some cases show corneal opacities, mydriasis, and iritis. 
In many early cases of riboflavin deficiency beginning vasculariza- 
tion of the cornea can be seen with the slit lamp long before gross 
lesions can be detected, indicating that the eye lesions in man are 
similar to those seen in experimental animals. 

From the point of view of distress and disability, the eye lesions 
are the most important symptoms of riboflavin deficiency. They do 
not appear to be present invariably in riboflavin deficiency, nor can 
all cases of keratitis be said to be due to riboflavin deficiency. 

Last year Spies, Bean, Vilter, and Huff (38) made a special study 
of endemic riboflavin deficiency in infants and children. They report 
241 cases with the characteristic lesions, and they state that they are 
convinced that it is the most common clinical deficiency disease 
among infants and children in a section of Alabama. 

To summarize the clinical picture of ariboflavinosis, the usual 
lesions are: (i) ocular lesions, consisting usually of a vascularizing 
keratitis with photophobia, dimness of vision, severe injection of the 
vessels of the fornix and sclera, burning of the eyes, lacrimation, and, 
in severe cases, opacities of the cornea; (2) oral lesions, consisting 
usually of linear fissures in the angles of the mouth, a reddened, 
shiny, denuded appearance of the lower lip, and a flattening of the 
papillae of the tongue, which becomes magenta red in color; and 
(3) dermal lesions, consisting usually of seborrheic accumulations in 
the folds of the skin, especially in the nasolabial folds, around the 
eyelids, on the ears, and in some cases comedones and a sharkskin- 
appearing lesion on the nose and over the malar eminences. In some 
cases the seborrheic dermal lesions may be extensive and may in- 
volve other regions of the body. 

In the treatment of ariboflavinosis we have found a daily dose of 
5-10 mg. to be sufficient to bring about rapid improvement in most 
cases. A few cases seem to require more than this amount. It must 
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be kept in mind that, if there is a complicating disease of the gastro- 
intestinal tract which may interfere with absorption or utilization, it 
may be necessary to give the material parenterally. Because of the 
rapid elimination of riboflavin in the urine, it is preferable to give it 
in small amounts at frequent intervals, instead of just one daily dose. 

Since ariboflavinosis seems to be so prevalent in this country, it is 
of considerable interest to determine the human requirement for 
riboflavin. Several investigators have studied the urinary excretion 
of riboflavin. Among the more important of these studies are the 
observations of Emmerie (39, 40, 41), who found a daily urinary ex- 
cretion in men of 819 to 1,250 /xg* He observed an increase in excre- 
tion on increased intake, and in one individual on a restricted intake 
the daily excretion dropped from 650 /xg. to 300-400 /xg. Hogan (42) 
estimated the human riboflavin requirement at 2-3 mg. a day on the 
basis of Emmerie’s data. Ferrebee (43) found that riboflavin excre- 
tion depended on riboflavin intake and that the daily excretion in 5 
liormal subjects eating their usual diet varied from 700 to 1,700 /xg. 
per day. 

Strong, Feeney, Moore, and Parsons (44), in a study of the ribo- 
flavin content of blood and urine, found human blood to contain 
around 0.5 /xg. per gram except in 3 subjects on a restricted riboflavin 
intake. Five hundred to 800 /xg. per day were excreted in the urine 
by normal adults on an unrestricted diet. In 4 normal women this 
decreased to from 50 to 150 /xg. on a daily intake of 1-2 mg. of 
riboflavin. They believe, therefore, that an intake of this quantity is 
perhaps insufficient to supply the daily requirement. 

Sebrell, Butler, Wooley, and Isbell (45), in a long-continued bal- 
ance study on 10 women taking a diet containing approximately 0.5 
mg. of riboflavin per 2,400 cal., found a daily average excretion of 
only 77 /xg., as compared with a daily average excretion of 357 /xg. in 
women on an institution diet; while ii normal men on their usual 
diets excreted from 234 to 1,740 /xg. a day. The 10 women on the 
restricted riboflavin intake were given varying amounts of riboflavin, 
and the urinary excretion again estimated. An effort was made to 
estimate the human daily requirement for riboflavin on the basis of 
these data. 

The amount of riboflavin unaccounted for by urinary excretion in 
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each subject at the various levels of riboflavin dosage is shown in 
Figure i. This chart shows a significant increase in the riboflavin 
unaccounted for on an intake between 0.085 ^tnd o.ii mg. per kilo- 
gram of body weight. Thus, when two subjects were receiving 0.085 
mg. of riboflavin per kilogram of body weight daily, the amount 
unaccounted for by urinary excretion was 40.5 and 53.0 /xg- per kilo- 



Fig. I 


gram of body weight per day. On increasing the daily intake to o.i i 
mg. per kilogram of body weight, the amount unaccounted for by 
urinary excretion became 58.5 and 73.0 /xg. per kilogram of body 
weight, respectively. This suggests that with the larger doses a 
greater amount of riboflavin is either being destroyed or is not ab- 
sorbed, and that 0.085 ^^g* kilogram of body weight is probably 
an intake greater than that needed for riboflavin saturation. 

On an intake of 0.035 mg. of riboflavin per kilogram of body 
weight, the average urinary excretion ranged from 140 to 186 ^cg- per 
day. These figures are lower than the average for the women on the 
institution diet (357 /xg.). On an intake of 0.06 mg. per kilogram of 
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body weight, the average urinary excretion varied from 793 to 1,265 
/ig. per day, which is higher than the average amount excreted by the 
women on the institution diet and is within the normal range for 
men. 

Because of the exceptionally large increase in daily urinary excre- 
tion which occurred on the 0.06 mg. per kilogram intake, it appears 
that this amount is probably above the normal requirement, while 
the 0.035 nig* kilogram amount is marginal or below the normal 
requirement. 

Sebrell and Butler (1,2) also noted that a supplement of 0.025 nig. 
per kilogram of body weight was an insufficient amount in the treat- 
ment of some cases of ariboflavinosis. 

The above lines of evidence indicate that 0.035 nig. of riboflavin 
per kilogram of body weight is not quite enough to meet the adult 
requirement and that 0.06 mg. per kilogram of body weight is 
slightly above the required amount. On this basis, the daily require- 
ment of an adult would be approximately 3 mg. 

It appears to be difficult to obtain this amount of riboflavin in the 
usual adult American diet unless a considerable amount of milk is 
included, and it has been suggested that the estimated daily require- 
ment is too high and perhaps represents an amount of riboflavin 
necessary for saturation rather than a maintenance requirement. 
However, the very widespread occurrence of ariboflavinosis suggests 
that the American diet may actually be deficient in riboflavin, and 
the rapid fall in urinary excretion of riboflavin when the daily intake 
is reduced to 2 mg. suggests that these estimated requirements, if too 
high, are not very much above the daily requirement. The National 
Research Council Committee on Food and Nutrition has recom- 
mended a daily allowance of 2.7 mg. for a moderately active man. 

In conclusion, then, although riboflavin deficiency as such has 
been recognized in humans only for about two and a half years, the 
prominent clinical features have been established, suitable dosage 
for treatment has been determined, and a reasonable approximation 
of the human daily requirement for riboflavin has been obtained. 
However, we still know nothing of the underlying biochemical 
changes responsible for these symptoms, and the question of why 
these symptoms develop is yet to be answered. 
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THE STORY OF PELLAGRA AND ITS TREATMENT 
WITH NICOTINIC ACID 


DAVID T. SMITH 

Departments of Bacteriology and Medicine, Duke University School of Medicine 

I N THE original descriptions of pellagra by Casal in 1735 and 
Thiery in 1755 both the dietary and the photosensitization 
theories are vaguely suggested (i). There is a statement that 
the disease is most prevalent at the season of the spring equinox 
and an insistence that the skin lesions must be located on the ex- 
posed surfaces of the hands or feet to justify the diagnosis of mal de 
la rosa (pellagra). The importance of diet is suggested in the follow- 
ing sentence: ''The malady has never been described as far as I 
know, and does not exist perhaps elsewhere with as much violence 
as in Asturians^ especially those of Oviedo: for the Asturians of 
Santillana are more healthy by nature of the soil, by the quality of 
the air, & of the food.’^* 

The studies of Francesco Frapolli of Italy in 1771 led to the use 
of our modern name "pellagra’^ {pelle agro, "rough skin’O- Frapolli 
was the first student of the disease to insist that the lesions were 
precipitated by exposure to sunlight (2). 

The prevalence of pellagra in Spain, Italy, Rumania, and France 
in areas where maize formed a considerable portion of the diet sug- 
gested to the early students of the disease the presence of some toxic 
substance in the maize. This theory was supported by the absence 
of pellagra in Bulgaria, where little maize was consumed, and by its 
disappearance in France when the planting of maize was forbidden. 

Raubitschek in 1912 attempted to explain by his photosensitiza- 
tion theory the observed effects of sunlight in areas where maize 
was consumed (3). He assumed that maize and possibly other 
cereals contained a photosensitizing substance which sensitized the 
body tissues and that subsequent exposure to sunlight precipitated 
the lesions. 

■ The italics are the author’s. 
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With the explosive outbreak of pellagra in the southern part of 
the United States between 1905 and 1910 the disease became a na- 
tional problem. Southern physicians were about equally divided in 
their adherence to the ‘‘poison-corn’^ theory and the “infection” 
theory. Their conclusions were not so absurd as they appear to us 
today because the onset of the disease was frequently sudden and 
violent and of epidemic proportions, death following often after 
only a few days or weeks. The Illinois Pellagra Commission of 1910 
concluded that pellagra was “due to infection with some living 
micro-organism.” The Thompson-McFadden Pellagra Commission 
of 1912 and 1916 decided that pellagra was an alimentary canal in- 
fection, and Joseph Goldberger was assigned the problem of isolat- 
ing the infecting organism. After a most thorough and exhausting 
study Goldberger concluded that pellagra was due not to an infec- 
tion but to a dietary deficiency. The final proof of the dietary origin 
of the disease was given in 1915, when Goldberger and Wheeler pro- 
duced pellagra in 6 of 1 1 convicts who had volunteered to eat the 
“pellagra-producing diet” (4). 

The significance of a good diet in the prevention and cure of 
pellagra was implied by Casal and emphasized by many later 
Italian and French investigators. As early as 1912 both Funk (5, 6) 
and Sandwith (7) independently suggested that pellagra was a 
dietary deficiency disease analogous to beriberi. In no instance, 
however, was the suggestion followed by concrete demonstration 
until Goldberger and his associates carried out their important and 
time-consuming experiments which offered convincing proof of the 
dietary origin of the disease. 

Strange as it seems to us today, Goldberger ’s prison-farm ex- 
periment did not convince the majority of the students of pellagra. 
Harris has compiled an imposing list of contemporary pellagra 
specialists who questioned the results on the ground that Gold- 
berger did not produce the typical explosive endemic disease. Even 
more confusing were the later human experiments of Wheeler on 
hospitalized patients, where a general debility was produced with- 
out typical skin lesions. These cases were classified as “pellagra 
sine pellagra,” or pellagra without typical skin lesions (8). The 
explanation of the failure to produce explosive pellagra with typical 
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skin lesions probably lies in the fact that Goldberger and his as- 
sociates chose to ignore the other factor in producing the pattern of 
clinical pellagra, namely, the effect of sunlight on the skin of the 
deficient patient. In Wheeler’s study the subjects were confined to 
hospital beds, where they were protected from direct sunlight; and 
in the original prison-farm experiment, where mild but definite 
skin lesions were produced, the exposure to sunlight was only inci- 
dental and sporadic. 

(Joldberger’s preventive work was magnificent and was readily 
accepted. His separation of the heat-labile vitamin Br from the 
B complex by means of autoclaving released that factor from all 
implication in the etiology of pellagra, thus opening up another 
whole field of vitamin research. Goldberger’s observation that 
canine blacktongue was the analogue of human pellagra indicated 
an experimental animal and mode of study which led ultimately to 
the discovery of the specific protective vitamin, nicotinic acid. 

By 1930 the problem of preventing and curing pellagra was solved 
in theory. It was agreed that a well-balanced diet containing an 
abundance of milk, eggs, fresh vegetables, and muscle meats would 
prevent the disease. But a considerable part of the population in 
the South, either through ignorance, poverty, or wilfulness, would 
not eat this diet, and pellagra continued a scourge. Yeast alone 
would prevent the disease and would cure the mild cases, but it was 
not adequate to cure the severely ill patients. 

CLINICAL METHODS OF STUDY 

Between 1930 and 1937 more critical clinical methods of evaluat- 
ing the curative effect of hypothetical ^‘pellagra-curative materials” 
were developed, and so it was possible to obtain quickly in 1937 and 
1938 conclusive proof that Elvehjem’s nicotinic acid was the 
pellagra-curative vitamin. 

Goldberger having shown that a well-rounded diet containing 
muscle meat, milk, eggs, and fresh fruits or vegetables not only 
would prevent pellagra but would cure the milder cases, it was 
obvious that such a diet was not suitable for the assay of curative 
materials. In a series of pellagra cases studied by Blackford (9) of 
the University of Virginia there was little, if any, difference in 
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mortality, or the duration, of the disease in one group receiving the 
usual hospital diet and another given a daily supplement of yeast. 
Sydenstricker (10) of the University of Georgia Medical School 
found a mortality of 33.7 per cent in a group of 92 pellagrins treated 
with the usual hospital diet and a mortality of 25.56 per cent in 356 
pellagrins treated with a daily supplement of 90 gm. of dried 
brewers’ yeast. These observations did not prove that yeast had no 
pellagra-curative value but proved that there was about as much 
pellagra-curative substances in the hospital diet as in the yeast 

TABLE 1 

Standard Basic Diet No. i 


Articlk 


C'orn meal . 
('ane«yrup 

Flour 

Lard 

Rice 

Field peas. 
Hominy grits 
Fat salt pork . 


(?0(Miver oil. . 
Tomato juice. 
Iron ammoni- 
um citrate. 
Calcium glu- 
conate 

Cheese 


Total, 


Quan- 

tity 

(Gm.) 


02 

105 

111 

81 

25 

QO 

SI 

60 

90 cc. 
45 cc. 


Pro- 

tein 

(Gm.) 


8 3 


12.5 


2 o] 
19.2 
4 3 
1 . 1 


65.2 


Fat 

(Gm.) 


2 o 


1 . 2 
81 ol 

0 1 

1 4| 
O 3 

SI 3 

90.01 


Car- 

bohy- 

drate 

(Gm.) 


69,0 
89 2 
83 4 


19.6 
54 6 

40.6 
0.0 


3584 


Minerals (Gm.) 


Cal- 

cium 


Phos- 

phorus! 


0220 


0023 

0756 

0056 

0011 


0050 


5580 

0.5586 


1225 
• 10301 


0240 
. 0760I 
0734i 
Oiisj 

.0117 


o 4098I 


1. 2392 0.8319 


Iron 


0.0006 
o 0010 


0,0002 
0.0052 
0.0005 
o 0001 


o 0002 
.0200 

0.0007 


1.0285 


Vitamins 


+ 


+ + + 
+ 


+ + + 


++ 


H- + + 


+ + + 


D G 


+ + + 


+ + + 


Calo- 

ries 


2,890.0 


810,0 

10.3 


264.0 


3.0743 


supplement. It was obvious, then, that a standard basic deficient 
diet must be used before the curative effects of the supplement 
could be evaluated. 

In 1931, controlled clinical studies with a standard deficient diet 
were introduced independently by Spies and his associates in 
Cleveland (11,12) and by our group at Duke (13, 14). Later similar 
studies, using controlled diets, were reported by Fonts (15, 16), 
Sydenstricker (17), Jolliffe (18), Sebrell (19, 20), and many other 
investigators. Spies used very restricted diets made up from (a) 
lactose and cornstarch or from (b) corn-meal mush, corn-meal 
mufl&ns, pork fat, maple syrup, polished rice, cornstarch pudding, 
coffee, and sugar, which were almost completely deficient in all 
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vitamins and mineral elements. In contrast to this, we (13) de- 
vised a “Standard Basic Diet” (Table i) which was thought to con- 
tain all the known elements essential to nutrition except Gold- 
berger’s pellagra-preventive factor. It was known at the time that 
the diet contained more than traces of the pellagra-preventive fac- 
tor and that it would be necessary to have a preliminary period of 
observation on each patient to see that they were not making a 
spontaneous recovery before adding the material which was being 
tested. 

After synthetic vitamin C became available, this was substituted 
for the tomato juice in the original diet, and the modified diet was 
designated “Standard Basic Diet No. 2.” When the curative tests 
with nicotinic acid were begun, the diet was restricted by eliminat- 
ing cod-liver oil, ascorbic acid, and the iron and calcium, to see what 
effect would be obtained by nicotinic acid alone. This modification 
was called “Standard Basic Diet No. 3.” 

EFFECT OF SUNLIGHT ON THE CLINICAL MANIFESTATIONS 

f 

OF PELLAGRA 

In Spies’s early studies (11, 12) with the deficient diet he noted 
that extensive skin lesions disappeared while the patient was receiv- 
ing practically no vitamins and certainly no pellagra-preventive 
materials. We (13,21) noted the same phenomenon in patients con- 
fined to the hospital and fed our Standard Basic Diet No. i. How- 
ever, when our patients were exposed to sunlight, some of them had 
a recurrence of the skin lesions and, coincidental with this, an ex- 
aggeration of their clinical symptoms (22, 21). Bass (23) of New 
Orleans exposed pellagrins to sunlight as early as 1910 and pro- 
duced skin lesions. He also noted aggravation of existing symp- 
toms, with the development of new symptoms so alarming that the 
experimental exposures were discontinued. In 1935 Spies (24) re- 
ported in his study on the “Relationship of Pellagrous Dermatitis 
to Sunlight” that some pellagrins recovered while being exposed to 
sunlight and others developed rather at3^ical skin lesions while 
subsisting on the deficient diet but without exposure. These ap- 
parently conflicting observations were clarified by a careful study 
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of the different t3^s of skin lesions occurring in pellagrins and the 
effect of sunlight on their clinical manifestations (21). Ruffin and 
Smith (22) confined their patients to bed and fed them the standard 
deficient diet. After a preliminary period of observation they were 
divided into two groups. Those that were apparently growing 
worse were treated at once with some pellagra-curative material; 
the others, who were apparently stationary or improving slightly, 
were exposed to graded doses of sunlight. One arm, or one leg, 
was exposed to the direct rays of the sun for 30 minutes, and the 
time was increased by 30 minutes each day up to a maximum of 2 
hours per daily exposure. Members of the staff or medical students 
served as controls, and in no instance was the exposure severe 
enough to produce sunburn in the control subjects. A definite 
dermatitis developed over the exposed area in 34 of 81 pellagrins 
tested (42 per cent). The dermatitis produced was indistinguish- 
able from that which appears spontaneously on the exposed skin of 
patients with pellagra. In 3 2 instances the lesions were produced on 
a previously involved area. In 10 patients, however, the dermatitis 
was produced on apparently healthy skin which had been previous- 
ly protected from sunlight by clothing. In 2 patients no dermatitis 
was induced, but constitutional symptoms appeared and the ex- 
posures were discontinued. The condition of the tongue became 
definitely worse in 27 of the 36 patients. Exposure was followed by 
an increase in diarrhea and anorexia in 21 patients. Nausea and 
vomiting developed in 10, and dementia* in 4. In all 36 patients 

* The acute inflammation of the skin, the gastrointestinal disturbances, and the 
dementia which develop after a pellagrin exposes himself to direct sunlight suggest 
some type of acute poisoning. The symptoms are not unlike those observed in acute 
porphyrin intoxication, and accumulation of endogenous porphyrins in the skin and 
other tissues of the patient has been suggested as an explanation. 

Until recently no accurate methods were available for measuring porphyrin excretion 
in pellagrins. The method reported by Beckh, Ellinger, and Spies (93) gives values 
which are obviously too high, since not only porphyrins but other colored substances 
in the urine are included. More accurate but much more laborious methods have been 
devised by Watson (94, 95, 96, 97) and by Dobriner, Strain, and Localio (98). Dobriner 
(99) and his associates found an increased excretion of coproporphyrin I in both the 
urine and feces of a pellagrin. Following treatment and clinical improvement, the 
values returned to normal. 

This evidence of increased porphyrins in acute pellagra might be offered as an 
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constitutional symptoms developed after the first exposure to sun- 
light; yet neither cutaneous lesions nor constitutional symptoms 
occurred in any of these ^ patients after re-exposure to maximum 
doses of sunlight following adequate therapy. 

The pellagra patients employed for the clinical evaluation of 
the effect of nicotinic acid were selected according to the criteria 
outlined above. We considered the pellagra active if, while subsist- 
ing upon the basic diet, the patient grew worse or if the lesions 
and symptoms were reactivated by experimental exposure to sun- 
light. 

In 45 of the original 8i pellagrins exposed to sunlight no local 
cutaneous or generalized symptoms developed. In many instances, 
as reported by Spies in 1935 (24), the skin lesions healed rapidly 
while they were being exposed to sunlight, even though they were 
subsisting solely on the basic deficient diet without therapeutic 
supplements. Similar spontaneous recoveries have been reported 
by Matthews (25) and by Sydenstricker and his associates (17). 

No entirely satisfactory explanation can be given for these ap- 
parently spontaneous recoveries. The following observations may 
afford a partial explanation for the observed facts. In a number of 
our cases it was learned that the patients had eaten yeast, liver, red 
muscle meat, or fish after the appearance of the skin lesions and 
shortly before admission to the hospital; (2) the basic diet contains 
an appreciable amount of nicotinic acid and, in general, is a better 
diet than that eaten by the patient at home; (3) the maximum 
period of exposure to sunlight, while in the hospital, was only 2 
hours, in contrast to 8-12 hours of spontaneous exposure to which 
the patient was frequently subjected before the development of the 
original lesions; and (4) the patients were in bed, and consequently 
less active than before admission, and might not require as much 
nicotinic acid as ambulatory patients. It is obvious, in any case, 
that this type of nonreactive patient cannot be used for a critical 
assay of pellagra-curative substances. 

explanation for the patients^ increased sensitivity to sunlight if it were not well known 
that a similar increase occurs in lead poisoning, in certain cirrhoses of the liver (100), 
in arsenical dermatitis, and in poisoning with cincophen, sulfonal, and trional (96) and 
may therefore be a result, rather than a cause, of the disordered metabolism in pellagra. 
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TYPES OF SKIN LESIONS FOUND IN PELLAGRINS 

The study of Smith and Rufiin (21) on the effect of sunlight in 
producing the lesions on the exposed surfaces of the body led to a 
critical study of the various types of skin lesions found in pellagrins 
and their response to therapy (22). The lesions may be classified 
under six types: (a) The most important lesions are those on the 
exposed surfaces of the body which are precipitated by exposure to 
sunlight (21). (b) The second type is a '^dyssebacia/’ sometimes 
mislabeled ^'seborrhea/’ where the orifices of the sebaceous glands 
are plugged with dry, grayish-yellow material, which usually pro- 
jects above the surface of the skin and feels like sandpaper or 
sharkskin (26, 27). These lesions occur usually about the alae nasi 
but sometimes spread over the forehead, face, and neck. The 
lesions are not inflammatory and are apparently confined to the 
face. They have no direct relation to the inflammatory lesions pre- 
cipitated by exposure to sunlight, though both may occur on the 
face of the same patient, (c) There may be hyperkeratosis with in- 
creased pigmentation over the bony prominences of the body (21). 
(d) There are frequently excoriated lesions on the skin about the 
anus and genitalia. Lesions about the female genitalia are very 
common (21). (e) Lesions may appear on the lips, which are red and 
scaly, and in the corners of the mouth at the mucocutaneous junc- 
tions, as cracks or sores, associated with scaly lesions in the orifices 
of the nose and on the delicate skin of the ears (20). (f) Lesions of 
the external portions of the eyes may appear (28). 

The first type of skin lesion is precipitated by exposure to sun- 
light, and there is a close relationship between its severity and time 
of appearance and the severity of the constitutional symptoms. 
The other five types of lesions bear no relation to exposure to sun- 
light and cannot be correlated with the severity of the constitu- 
tional symptoms. One common factor may be found in all six types 
of skin lesions. The resistance of the tissues to chemical, me- 
chanical, and thermal injury has been specifically lowered. 

LIVER AND LIVER EXTRACTS IN THE TREATMENT OF PELLAGRA 

The use of liver and the various liver extracts in pellagra serve 
to connect the studies of Goldberger and his associates with the 



92 THE BIOLOGICAL ACTION OF THE VITAMINS 

final isolation of nicotinic acid amide by Elvehjem and his col- 
laborators. 

Voegtlin (29) prepared an extract of liver for the treatment of 
pellagra in 1914. While reasonably good results were reported, this 
form of therapy was not employed widely until many years later, 
probably owing to the fact that liver extracts were not readily avail- 
able until they were prepared commercially for the treatment of 
pernicious anemia. Goldberger found that liver was one of the 
most potent black tongue preventive materials, and in 1930 Gold- 
berger and Sebrell (30) showed that experimental blacktongue 
could be prevented and cured by a powdered extract of liver (Lilly ^s 
343). This work of Goldberger and Sebrell formed the connecting 
link between the original Goldberger studies and the subsequent 
studies on the liver and liver fractions. Two years after the animal 
experiments of Goldberger and Sebrell, Boggs and Padget (31) re- 
ported a series of pellagrins who made surprisingly good recoveries 
from pellagra after treatment with this powdered liver extract. It 
should be noted, however, that their patients were fed ^ well- 
balanced diet while receiving the liver extract, so that the recovery 
cannot be attributed entirely to the supplementary therapy. That 
this powdered liver extract will cure pellagra was demonstrated by 
our studies at Duke in 1934 (13) and by those of Fouts and his as- 
sociates (15, 16) in 1936. In these studies the patients were main- 
tained upon a deficient diet and were studied under carefully con- 
trolled conditions. 

After the introduction of the parenteral extracts of liver for the 
treatment of pernicious anemia Ramsdell and Magness (32) and 
Spies (33) cured a series of patients by injecting the liver intra- 
muscularly. Their results were confirmed by a number of other 
observers (16, 34, 35, 36, 37). Spies (35) and his associates used 
large doses of liver extract intravenously and intramuscularly with 
dramatic results and reported a reduction in mortality from 32 to 6 
per cent with this method of therapy. The patients, however, 
were receiving a hospital diet at the time they were given the 
parenteral liver, and the results cannot be attributed entirely to the 
liver extract. These parenteral extracts, when tested by our meth- 
ods (38) , were found to be only partly effective in curing the patients. 

In contrast to the results with parenteral extracts, we found 
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crude aqueous extracts of whole liver completely effective in curing 
pellagra. This work was first reported in 1932 (14), and later in 
more detail in 1934 (13) and in 1937 (38). In 1937 we treated 
patients with the parenteral fraction of whole liver’^ containing the 
pernicious-anemia factor, and with the residue fraction of liver 
after the removal of the pernicious-anemia factor, separately and in 
combination. The patients failed to improve while receiving daily 
doses of I cc. of the parenteral extract (derived from 100 gm. of 
liver) or while receiving the 24-30 cc. of the residue; but when the 
intramuscular extract and the residue were given simultaneously, in 
doses which had previously proved ineffective when administered 
alone, dramatic recovery occurred. This suggested the possibil- 
ity of there being two or more factors in liver which were required 
for the cure of pellagra. Experiments with canine black tongue 
were carried out simultaneously with the clinical studies on pel- 
lagra (39). The results were comparable to those obtained in pa- 
tients (38). The simple aqueous extracts of the Valentine’s type, 
which retain most of the vitamins of the B complex, were very ef- 
fective in curing experimental black tongue; the parenteral extracts 
were only partly effective. The residue fractions derived from an 
amount of liver comparable to that from which the parenteral frac- 
tions were derived were also ineffective in curing the animals; but 
when the two fractions were combined, the results were as dramatic 
as when the whole crude water extract was employed. This also 
indicated that there were two or more fractions needed for the cure 
of canine black tongue. The later discovery by Elvehjem and his 
associates that nicotinic acid alone cured experimental blacktongue 
was apparently in conflict with this conclusion. The explanation 
lay in an unrecognized partial deficiency of Bi and riboflavin in the 
basic diet employed for the production of blacktongue (40), which 
will be discussed in more detail later. Apparently, nicotinic acid 
was partly distributed in the parenteral fraction and partly in the 

* The term “parenteral fraction of whole liver” is used in the medical literature to 
designate certain highly refined and purified fractions of liver which contain large 
amounts of the pernicious-anemia factor and are suitable for either intramuscular or 
intravenous injections. 

The material which is left over after the extraction of this purified fraction is referred 
to as the “residue fraction.” 
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residue fraction, while a larger part of the Bi and riboflavin re- 
mained in the residue fraction. 

Numerous studies were carried on in various laboratories on the 
fractions of liver with the object of obtaining the most potent 
possible parenteral extract for the treatment of pellagra and with 
the hope that the chemical substances responsible could be isolated. 

THE HISTORY OF NICOTINIC ACID 

Nicotinic acid was prepared in pure chemical form as early as 
1867 by Huber (41). It is produced with ease by oxidizing nicotine, 
thus destroying the toxic effect of this alkaloid and leaving the 
vitamin, nicotinic acid. 

In 1911 Funk (5, 6), and later Suzuki, isolated nicotinic acid from 
rice polishings in their search for vitamin Bi. The material was dis- 
carded when it was found to be ineffective in curing beriberi. 
Nicotinic acid was the first vitamin to be isolated in pure chemical 
form; yet its vitamin activity was not recognized until 1937. 
Bottles of the curative material remained pn the shelves of the 
chemical laboratories gathering dust for over twenty-five years 
while millions of patients died of pellagra. 

We have seen that nicotinic acid appeared first as an oxidation 
product of nicotine. Next it was isolated by Funk from rice polish- 
ings, a food. In 1935 it appeared again in a new role when Warburg 
(42) and von Euler (43) found that nicotinic acid amide is an es- 
sential part of one of the coenzyme systems. Its role in the nutrition 
of bacteria was discovered when Knight (44) found nicotinic acid 
essential for the growth of Staphylococcus aureus when cultivated 
on a synthetic medium ; and Mueller (45) found it growth-promoting 
for diphtheria bacilli. Mueller observed that liver extracts stimu- 
lated the growth of diphtheria bUcilli, and, in searching for this 
growth-promoting factor, isolated nicotinic acid amide and found 
it as effective as the whole liver extract. Elvehjem and his col- 
laborators had been studying for years the effect of liver extracts of 
various types on experimental blacktongue in dogs. Their efforts 
finally culminated in the brilliant discovery in 1937 by Elvehjem, 
Madden, Strong, and Woolley (J. Am. Chem. Soc., 59:1767, 1937) 
that nicotinic acid would cure canine blacktongue and that nico- 
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tinic acid amide could be isolated from the blacktongue-curative 
fraction of liver. 

Elvehjem’s discovery was soon confirmed by Dann (46, 47), by 
Street and Cowgill (48), by Smith, Margolis, and Margolis (49), 
and by Sebrell, Onstott, Fraser, and Daft (50). 

ORIGINAL STUDIES ON THE USE OE NICOTINIC ACID 
IN HUMAN PELLAGRA 

The effectiveness of nicotinic acid in the treatment of human 
pellagra was demonstrated independently and almost simuL 
taneously by four different groups of workers. The first published 
report showing the potency of this material was by Fouts and his 
associates (51) in November, 1937. On December 18, 1937, there 
appeared two communications — one by Harris (52), the other by 
Smith, Ruffin, and Smith (53) — ^reporting the value of nicotinic 
acid in pellagra. Spies, Cooper, and Blankenhorn (J.A.M.A., no: 
622, 1938) reported a series of seventeen cases in February, 1938. 
Since then there have been numerous reports of the effective use of 
nicotinic acid in the treatment of pellagra (54, 55, 56, 25, 57, 58, 59, 
60, 61, 17). The most extensive clinical studies have been made 
by Spies and his associates, by Jolliffe and his collaborators, by 
Sebrell and the United States Public Health investigators, by 
Sydenstricker and his co-workers, and by the group at Duke. 

PELLAGRA TREATED WITH NICOTINIC ACID 

It has been the universal experience of investigators that treat- 
ment with nicotinic acid usually results in prompt and, in many 
instances, dramatic improvement. Desperately ill patients, who 
undoubtedly would have died before the discovery of this vitamin, 
have been restored to health by its use. 

The first noticeable effect of the treatment is on the glossitis. 
Within 24 hours after treatment is started, the fiery redness of the 
tongue disappears, and the ulcers beneath the tongue and on the 
lips usually heal within 3 to 5 days. There is a striking relief of 
soreness and pain in the mouth, and the papillae of the tongue re- 
generate within 7 to 14 days. 

The anorexia which is such a constant symptom in active pel- 



96 THE BIOLOGICAL ACTION OF THE VITAMINS 


lagra disappears after a few days of treatment except in those 
patients where there are other deficiencies present, especially a de- 
ficiency of vitamin Bi. In these cases the appetite will not return 
until the nicotinic acid therapy has been supplemented with 
thiamine. Occasionally there is a marked improvement in the 
appetite with nicotinic acid treatment and then a recurrence of the 
anorexia 5 to 7 days later. The administration of thiamine chloride 
at this point usually results in a rapid return of the appetite. 

Nausea and vomiting are striking symptoms in the very acutely 
ill patients and usually subside after 2-4 days' treatment with the 
vitamin. 

Diarrhea is a variable symptom; but, when it is severe, the 
prognosis is grave. Diarrhea usually responds a little more slowly 
than the other symptoms, probably because of interference with 
absorption due to the damaged intestinal mucosa. 

Mental symptoms are very common in pellagra. The milder 
symptoms of nervousness and irritability are almost constantly 
present. Actual psychoses with delusions and hallucinations are 
much less common but indicate a severe state of deficiency and a 
grave prognosis. With the exception of its effect upon the glossitis, 
the improvement in the patients' mentaLcondition following treat- 
ment with nicotinic acid is the most spectacular and dramatic re- 
sult of the therapy. Often within 4 or 5 days after treatment 
patients who have been completely disoriented become entirely ra- 
tional. If, however, there has been irreparable damage to the cells 
of the central nervous system, as occurs frequently when the 
psychoses have persisted for a period of months and even occasion- 
ally in the early acute case, one cannot expect a cure from the 
nicotinic acid therapy. The first published case report demonstrat- 
ing the beneficial effect of nicotinic acid in the treatment of the 
psychoses of pellagra came from the Duke Clinic in December, 1937 
(53). The most extensive studies of the effect of nicotinic acid on 
this type of patient have been reported by Matthews (25), by 
Spies and his associates (59, 60), by Jolliffe et al, (18), and by 
Sydenstricker and his associates (17, 54). 

Jolliffe, Bowman, Rosenblum, and Fein (18) reported a type of 
nutritional encephalopathy which responded in a dramatic fashion 
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to treatment with nicotinic acid. This syndrome is characterized 
by cloudiness of consciousness, cogwheel rigidity of the extremities, 
and uncontrollable grasping sucking reflexes. It occurs most often 
in chronic alcoholics with or without p>ellagra. Jolliffe is of the 
opinion that it represents an acute total deficiency of nicotinic acid, 
in contrast to the partial, more chronic deficiency in typical pel- 
lagra. In a study involving 150 patients with this syndrome JolliSe 
and his associates found that treatment with parenteral fluids alone 
or with the addition of thiamin chloride failed to prevent the death 
of 60 out of 62 consecutive patients. In contrast to this, the ad- 
ministration of nicotinic acid in doses of 100 to 200 mg. by mouth 
every hour for 5 doses resulted in recovery of 15 out of 22 patients. 

Cleckley, Sydenstricker, and Geeslin (54) treated a series of 
at)T)ical psychotic, stuporous, and malnourished patients with 
nicotinic acid and reported that the majority became clinically 
well. Some of the cases in this series corresponded to those described 
by Jolliffe and his associates. Others were apparently somewhat 
more chronic and not as acutely ill as those with tjrpical nutritional 
encephalopathy. It is interesting that in 5 of these cases a remark- 
able improvement in hearing occurred following treatment. It is 
important to remember that not all psychotic patients will respond 
to treatment with nicotinic acid, since it is well known that pa- 
tients with mental disease are characteristically difficult to feed, 
and secondary pellagra is relatively common. The nicotinic acid 
treatment may cure the symptoms of pellagra but leave untouched 
the basic original pyschosis. 

It has been pointed out earlier in this discussion that there are 
six tjrpes of dermatitis seen in pellagra: (o) the typical dermatitis 
over the exposed surfaces; (b) sebaceous-gland changes about the 
face; (c) the thickening and pigmentation over the bony promi- 
nences; (d) p>erineal and genital lesions; (e) lesions of the lips and 
mucocutaneous surfaces at the corners of the mouth; and (/) 
changes in the superficial structures of the eye. The dermatitis over 
the exposed surfaces responds promptly to treatment with nicotinic 
acid. The thickening and pigmentation over the bony prominences 
respond more slowly but usually subside after 6-10 days’ time. The 
perineal and genital lesions heal promptly in 5-10 days. The 
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sebaceous-gland lesions respond much more slowly to nicotinic acid 
than when treated with crude liver extracts or autoclaved yeast. 
It was the opinion of Smith and her collaborators (26), who made 
a special study of these lesions, that the curative factor was in the 
B complex and that it was not primarily a deficiency of nicotinic 
acid or riboflavin. The curative factor was present in crude ex- 
tracts of liver but not the parenteral fraction, and the lesions did 
not respond to treatment with vitamin A. The lesions of the lips 
have been studied in detail by Sebrell and his associates, who 
introduced the term '^ariboflavinosis'’ (19, 20). These lesions found 
in cases of ariboflavinosis do not respond to nicotinic acid but are 
cured specifically by riboflavin. A lesion, clinically very similar, 
has been found to respond to treatment with Be (pyridoxine) (62). 
Still other lesions of the lips have been seen in cases of sprue where 
none of the vitamins were effective but where prompt recovery fol- 
lowed the use of parenteral liver extract. The eye lesions have been 
studied in detail by Sebrell (20) and by Sydenstricker and his 
associates (28). They find that the lesions respond specifically to 
riboflavin. 


NATURAL SOURCES OR NICOTINIC ACID 

Goldberger reported that liver, yeast, red muscle meats, kidney, 
fish, and wheat germ were effective, approximately in the order 
named, in preventing pellagra in man and experimental black- 
tongue in dogs. Vegetables were definitely less effective, and milk 
prevented pellagra only when consumed in such large quantities 
that it practically replaced all other foods. Fat meats and purified 
cereals were almost entirely devoid of the curative factors. With 
the development of chemical tests for nicotinic acid the exact 
amounts contained in various foods are being assayed. Bacharach 
(63) in 1941 reviewed Jthe results of the assays up to the time of his 
publication. Recent extensive work by Waisman, Mickelsen, Mc- 
Kibbin, and Elvehjem at Wisconsin (64) and by Dann and Handler 
at Duke (65) has laid the foundation for an accurate evaluation of 
the nicotinic acid content of the common food substances. The 
original reports on cereals were undoubtedly too high, probably be- 
cause of the contaminating substances in the extracts. Even the 
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most potent sources, such as liver, muscle meats, and kidneys, 
contain only 5-20 mg. of nicotinic acid per 100 gm. wet- weight 
portions. 

ABSORPTION AND STORAGE 

Synthetic nicotinic acid is readily absorbed from the* intestinal 
tract, and presumably it is readily absorbed in the more complex 
forms in which it occurs in natural foods. Sydenstricker (66, 67) 
has made the suggestion that patients with achlorhydria are unable 
to extract the nicotinic acid from the natural foods and implies that 
these patients would be more likely to develop pellagra if consum- 
ing a restricted diet. There have been numerous reports of pellagra 
developing, on an apparently good diet, in patients with ulcerative 
colitis, regional ileitis, carcinomas of the intestinal tract, and other 
intestinal conditions where absorption of the vitamin from the food 
was severely restricted. 

This type of deficiency has been demonstrated experimentally in 
dogs (68). In one instance a dog receiving 10 mg. per kilogram of 
nicotinic acid developed severe blacktongue, which was relieved 
by parenteral administration of the same dose. The faulty absorp- 
tion in this case was found later to be due to a secondary deficiency 
of other vitamins. When these were supplied, the oral therapy was 
adequate. 

Storage of nicotinic acid occurs in most of the tissues of the body 
but is greatest in the liver. For a water-soluble vitamin, its storage 
is fairly good, since from 30 to 40 days, and occasionally even longer, 
is required to deplete the reserves of a dog sufficiently to allow the 
development of blacktongue. In the experimental studies on man 
by Goldberger and Wheeler (4) and by Sebrell (20) a period of 
months was required to produce the initial symptoms of pellagra. 
The experimental subjects were relatively inactive, and depletion 
may occur much more rapidly if the patient is working or if there 
is an infection present. We have observed the return of pellagra in 
2 months in a child who had been saturated with yeast while in the 
hospital. One adult patient who was in the hospital with a chronic 
lung abscess was fed a good diet, including a liberal supply of red 
meat, milk, eggs, and vegetables for 4 months, and then discharged. 
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The patient began working while the lung abscess was still active, 
and returned to the hospital 6 weeks later with an acute attack of 
pellagra. Sydenstricker feels that chronic alcoholics and other 
patients with liver damage have difficulty in storing the vitamin 
(36). These patients may need larger doses of nicotinic acid for the 
initial treatment and a larger maintenance supply than the normal 
individual (67). 

PHYSIOLOGICAL FUNCTIONS OF NICOTINIC ACID 

It is now well established that nicotinic acid amide is present in 
the molecules of two coenzymes: diphosphopyridine nucleotide 
(cozymase, coenzyme I) and triphosphopyridine nucleotide (co- 
enzyme II). These two coenzymes play a major role in intercellu- 
lar oxidation and can be measured indirectly by their growth-pro- 
moting actions on parainfluenza bacilli. The coenz3nnes concentra- 
tion in the red blood cells of pellagrins and normal individuals have 
been studied by Kohn (69, 70), by Spies (72), by Elvehjem (71), and 
by their associates. Kohn^s method is better adapted for quanti- 
tative results than that of Spies, but both agree that ingestion of 
nicotinic acid results in a rapid increase in the coenzymes of the 
blood well above normal in both pellagrins and controls. Kohn and 
Klein (69) have found that human red blood cells can synthesize 
the coenzymes in vitro. The studies by Elvehjem and his associates 
and Kohn and his groups show that the coenzyme level is some- 
what reduced in the tissues of dogs with experimental blacktongue. 
The largest percentage reduction was found in the liver. Elvehjem 
feels that a marked lowering of the coenzymes in the blood, brain, 
and adrenal cortex may be incompatible with life. It would be 
interesting to assay the coenzyme level of the brain tissues in cases 
of acute encephalopathy, where there is presumably a more com- 
plete deficiency of nicotinic acid than in the typical pellagrin. 

A number of workers have attempted to measure nicotinic acid 
directly from the blood by chemical methods. Ritsert (73) reports 
from 3 to 3.5 /xg. per cubic centimeter. Patton, Sutton, and You- 
mans found that the blood contained from 0.30 to 0.50 mg. per 
cent (74). There are colored pigments in the blood serum which 
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may interfere with the test, and it is possible that these figures are 
too high. 

Nicotinic acid probably has important biological functions in the 
living animal other than that of supplying building material for 
the coenzymes, but these functions have not yet been studied in 
detail. 

EXCRETION OF NICOTINIC ACID 

Nicotinic acid, when fed to dogs, is excreted in the urine as 
trigonelline, nicotinuric acid, and as free nicotinic acid. Consider- 
able difficulties have been encountered in devising an accurate 
method for the measurement of nicotinic acid in the urine because 
of the presence of interfering substances. Sarett, Perlzweig, and 
Levy (75) found that normal human subjects excrete daily only 
I “3 mg. of nicotinic acid and derivatives (amide and glycine conju- 
gate), compared with the 30-50 mg. of trigonelline. When 100 
mg. of nicotinic acid was taken by mouth, it was excreted in the 
urine largely as trigonelline. Later studies by Perlzweig, Levy, and 
Sarett (76) confirmed the daily excretion of 1-3 mg. of nicotinic acid 
derivatives exclusive of trigonelline. On a diet free of coffee normal 
subjects excrete 20 -29 mg. of trigonelline per day but may excrete 
as much as 200 mg. when coffee is ingested. After doses of 100-200 
mg. of nicotinic acid by mouth normal subjects excreted 2.5-19.4 
mg. of nicotinic acid derivatives. The trigonelline excretion was ap- 
preciably increased, although the total excreted nicotinic products 
accounted for only about 25 per cent of the ingested nicotinic acid. 
Field, Melnick, Robinson, and Wilkinson (77) suggested that the 
measurement of trigonelline in the urine might be used as an indica- 
tion of nicotinic acid nutrition. Rather complete balanced studies 
on the fate of nicotinic acid in the human body have been made by 
Sarett, Huff, and Perlzweig (78) and are now in press. 

TOXICITY OF NICOTINIC ACID 

Nicotinic acid is relatively nontoxic, although Chinn and his 
associates found that continuous treatment with 2 gm. of nicotinic 
acid daily produced death in dogs (79). Nicotinic acid amide and 
sodium nicotinate are apparently much less toxic. Unna (80) found 
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that 2 gm. of sodium nicotinate per kilogram were well tolerated 
by his dogs. 

Spies and his associates administered nicotinic acid in doses of 
I gm. or more to normal individuals without the development of 
toxic symptoms other than the flushing of the skin (8i). Syden- 
Strieker and his associates (17) have noted more severe symptoms in 
normal subjects with daily doses of 500 mg. In our experience (58) 
doses of 250 mg. given four times a day to normal subjects produced 
marked flushing and in some instances epigastric distress, sub- 
sternal oppression, headache, and occasionally nausea and vomit- 
ing. It is our impression that normal subjects react more violently 
to large doses of nicotinic acid than do pellagrins. This may be ex- 
plained in part by the need of the pellagra patient for the vitamin 
and in part by his decreased absorption from an inflamed and 
hypermotile intestinal tract. The flushing reactions which follow 
intraveneous or intramuscular doses as small as 15 mg., or oral 
doses as small as 50 mg., are physiological rather than pathological. 
There is no more pronounced or prolonged flushing following intra- 
venous injection of 100 mg. than 15 mg. 'With oral therapy the 
flushing is materially reduced if the doses are given after meals. 

Occasional sensitivity to nicotinic acid has been noted. The 
patients develop urticaria and itching of the skin. This may follow 
the initial dose or may develop during a course of treatment. 
Fortunately, sensitivity to the drug is apparently very rare. 

THERAPEUTIC PREPARATIONS OF NICOTINIC ACID 

Nicotinic acid is available commercially in tablets, in capsules, and 
in crystalline form. It is poorly soluble in water and in physiological 
saline. As a rule, it is difficult to dissolve more than 5 mg. per 
cubic centimeter of solution. The solution made from the crystals 
is probably the most economical preparation for hospital use. For 
oral administration the drug should be dissolved in water. For 
parenteral use the nicotinic acid or amide should be dissolved in 
physiological saline and sterilized by boiling or autoclaving. The 
heating (49) does not affect its potency, and the solutions can be 
kept for weeks without deterioration. 
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METHODS OF ADMINISTRATION 

For critically ill patients, unable to retain food by mouth, it is 
important to administer the nicotinic acid intravenously or intra- 
muscularly. Usually these patients are dehydrated and partly 
starved. One hundred milligrams of nicotinic acid in solution 
should be added to 500 cc. of 5 per cent glucose made up in physio- 
logical saline and administered slowly into a vein. The injection is 
almost invariably accompanied by marked flushing of the face and 
neck, and frequently the entire body, which fades after 1 5 to 20 
minutes. The patient experiences, as a rule, a subjective sensation 
of warmth and tingling of the skin. The flushing reactions are given 
by nicotinic acid and sodium nicotinate but not by nicotinic acid 
amide or diethyl amide of nicotinic acid (coramine) (81). 

Unfavorable reactions are rare, except for slight flushing, when 
the drug is given orally in doses of 50-100 mg. after meals. If larger 
amounts are indicated, it is more desirable to give 100 mg. three 
to four times a day rather than a single large dose. 

THE USE OF RELATED PYRIDINE COMPOUNDS IN BLACK- 
TONGUE AND PELLAGRA 

Woolley, Strong, Madden, and Elvehjem (82) found nicotinic 
acid amide, diethyl amide of nicotinic acid (coramine), and jS- 
picoline effective in the treatment of experimental blacktongue. 
Picolinic acid, isonicotinic acid, nipecotic acid, quinolinic acid, 
6-methylnicotinic acid, trigonelline, pyridine, and i -methyl- 
nicotinic-acid-amide-chloride were not effective in curing black- 
tongue. 

Spies, Grant, and Huff (61) have tried a number of these new 
compounds on patients with pellagra. Alpha-picoline, jS-picoline, 
trigonelline, and / 3 -aminopyridine had no curative effect. Dinico- 
tinic acid, 2-6-dimethyl-pyridine-3 : 5-carboxylic acid, nicotinic acid 
amide, sodium nicotinate, and diethyl amide of nicotinic acid 
(coramine) were effective in pellagra. Minimal curative doses have 
not been determined for any of these compounds in dogs with 
blacktongue or in patients with pellagra (83). With the exception 
of nicotinic acid amide and coramine, there is not sufficient experi- 
mental data available to justify their use on patients with pellagra. 
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Nicotinic acid amide, because of its failure to give the flushing 
reaction, is probably preferable to nicotinic acid in the treatment 
of pellagra (84). As much as 500 mg. has been given intraveneously 
to human beings without any unfavorable reactions. Diethyl amide 
of nicotinic acid (coramine) is also effective in curing blacktongue 
in dogs and pellagra in man and does not produce the flushing re- 
action. The experimental studies of Smith, Margolis, and Margolis 
(85) showed that only about 10 per cent of the drug was effective, 
as compared to nicotinic acid. Apparently, the extra ethyl groups 
must be removed by the body, thus leaving, in effect, nicotinic acid 
amide. The clinical results in the treatment of pellagra have been 
as good with coramine as with nicotinic acid or nicotinic acid amide, 
as shown by the reports of Spies and his associates (60, 61), by 
Sydenstricker (17), and by Ruffin and Smith (58, 22, 86). Coramine 
is curative by mouth in doses of 2-5 cc. daily. When administered 
parenterally, daily injections of 3 cc. have given consistently good 
results. 


SECONDARY DEFICIENCIES IN PBLLAGRA 

Some difference in opinion exists as to whether pellagra is a 
disease of multiple etiology or whether it should be considered as a 
nicotinic acid deficiency. A pure vitamin deficiency in man is 
exceedingly rare. The patient with rickets often has a vitamin A 
deficiency as well as a vitamin D deficiency, and the patient with 
scurvy may have beriberi as a complication, as was the case in the 
old disease known as ‘^ship beriberi.” Pellagrins frequently have 
associated deficiencies of vitamins Bi, A, C, Be, riboflavin, pro- 
teins, and mineral salts. The cardinal symptoms of pellagra are 
cured by nicotinic acid, and we feel very strongly that pellagra 
should be regarded as a nicotinic acid deficiency. The associated 
deficiencies should be recognized when they appear and treated 
accordingly. 

THE USE OF NICOTINIC ACID IN OTHER DISEASES 

Nicotinic acid has been used in some cases of nonspecific glossitis, 
trench mouth, stomatitis, lupus erythematosus, multiple sclerosis, 
chronic ulcerative colitis, sprue, delerium tremens, high-tone deaf- 
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ness, arteriosclerotic h)T)ertensive disease, nephrosis, and for the 
toxic symptoms following sulfanilamide and sulfapyridine treat- 
ment, radiation sickness, and in lead poisoning, with variable re- 
sults (87, 88). It has no specific value in pernicious anemia or in 
sprue. 

Sydenstricker (67) has emphasized the importance of adding 
nicotinic acid to glucose in saline solutions in giving intravenous 
fluids to severely ill patients. The suggestion applies equally well 
to all of the water-soluble vitamins. The patient who is taking 
practically no food by mouth and who is losing fluids by vomiting 
or diarrhea should have the intraveneous fluids fortified by the 
addition of 100 mg. of nicotinic acid, 50 mg. of B,, and 100 mg. of 
vitamin C. If the injections have to be continued for some days, 
it is possible that the other water-soluble vitamins, such as Bs, 
riboflavin, and pantothenic acid should also be added. 

MAINTENANCE REQUIREMENTS FOR NICOTINIC ACID 

The studies of Sebrell and Onstott (50, 89), of Margolis, Margo- 
lis, and Smith (40) on dogs, and of those of Sebrell and Butler (20) 
on patients show that the basic diets employed were partly de- 
ficient in riboflavin. Supplementing the diets with nicotinic acid 
alone protected from blacktongue and pellagra but eventually re- 
sulted in ariboflavinosis. Margolis, Margolis, and Smith (40) 
found that their blacktongue-producing diet was border line in B, 
and that, if the animals were subjected to repeated attacks of 
blacktongue, the B, deficiency became acute and the animals, be- 
cause of this, failed to respond to nicotinic acid. If, however, the 
basic diet is supplemented by a small amount of riboflavin and 
vitamin B„ the animals will survive repeated attacks of black- 
tongue over a period of 1 2 months. With the correction in the basic 
diet it is possible to determine accurately the curative dose and ap- 
proximately the maintenance dose for dogs on a per kilogram basis. 
Birch (90) found that a daily dose of 0.25 mg. of nicotinic acid per 
kilogram of body weight was sufficient to prevent the development 
of blacktongue and to allow adequate gain in weight, while 0.13 mg. 
prevented blacktongue but resulted in a slow gain in weight. In 
experiments of Margolis, Margolis, and Smith (91) a total dose of 5 
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mg. per kilogram of body weight, administered over a lo-day 
period, cured their dogs in attacks of acute blacktongue and pro- 
tected them from a new attack for an average time of 34 days. By 
calculation this gives a daily maintenance dose of 0.147 mg. per 
kilogram. In the same study these investigators found that 0.2 mg. 
per kilogram administered daily for 10 days would cure dogs with 
acute blacktongue, but more slowly. In a later investigation these 
workers found that a daily maintenance dose of 0.2 mg. per kilo- 
gram protected 2 dogs from blacktongue for as long as 744 and 785 
days, respectively. Under similar conditions o.i mg. was inade- 
quate. We may assume that 0.15 mg. per kilogram of body weight 
is approximately the daily supplement of nicotinic acid required to 
protect dogs from blacktongue. The actual requirement can be 
calculated only when the data is available to show the exact amount 
of nicotinic acid present in the blacktongue-producing diet of 
natural foods used in these studies. 

All the available evidence indicates that man has approximately 
the same requirement of nicotinic acid per kilogram as the dog. 
Harvey et aL (39) found that the various liver fractions were cura- 
tive of blacktongue in approximately the same dose per kilogram 
that Rufiin and Smith (38) employed for the treatment of patients 
with pellagra. The relatively small doses of nicotinic acid (91) or 
coramine (85) needed for the cure of blacktongue are in line with 
the results of the clinical studies of Ruffin and Smith (58), where 
daily doses of 100 mg. of nicotinic acid or 3 cc of coramine were 
entirely effective in curing pellagra. 

If there is any difference in the per kilogram requirement of man 
and dog of nicotinic acid, it appears that man’s need may be less. 
Sebrell and Butler (20) found that a restricted diet of natural food- 
stuffs required from 76 to 362 days to produce pellagra in volunteer 
patients, while Ruffin and Smith (13), using an analogous diet of 
natural foods, produced blacktongue in dogs in from 25 to 45 days. 
If we accept a supplementary dose of 0.15 mg. per kilogram, then 
the average 70-kg. man would require approximately 10.5 mg. of 
nicotinic acid daily. It is interesting that Sarett, Huff, and Perl- 
zweig (78) have found in man that there is a loss of approximately 
10 mg. per day of nicotinic acid and its derivatives in the urine. 
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This loss is constant even under fasting conditions. Clinical studies 
also indicate that man’s requirement for nicotinic acid is relatively 
low. In the records of over 500 cases of pellagra studied at the 
Duke Hospital there are no instances of pellagra developing in 
patients, free of gastrointestinal diseases, who consumed regularly 
one meal containing red meat, fish, or salmon twice each week. 

PREVENTION OF PELLAGRA BY THE ADDITION OF NICOTINIC 
ACID TO BASIC FOODS 

Everyone should have a well-rounded diet of natural foodstuffs 
which would contain not only an abundance of nicotinic acid but 
an abundance of all the essential vitamins and minerals in a natural 
state (92). Every effort should be made to see that the standard of 
living is raised to a point where everyone can afford such a diet 
and be educated to eat it. In the meantime, however, there are 
large sections of the population who cannot obtain or will not eat 
the type of diet that is described above. As a temporary expedient 
we are entirely justified in adding nicotinic acid, Bi, and riboflavin 
to specific basic foods, such as white flour, as suggested by the 
Committee on F'ood and Nutrition of the National Research 
Council. 
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PYRIDOXINE 


S. LEPKOVSKY 

Department of Poultry Husbandry, University of California, Berkeley 
HISTORICAL 

P YRIDOXINE, or vitamin Be, is the third member of the vita- 
min B complex to be discovered. Goldberger (i) laid the basis 
for this discovery by describing a dermatitis characteristic of 
pyridoxine deficiency. We now know that Goldberger described two 
kinds of skin disturbances, one characteristic of pyridoxine de- 
ficiency and one of riboflavin deficiency. Goldberger did not know, 
of course, that he was dealing with a multiple deficiency, though he 
clearly suspected the existence of more than one vitamin in his so- 
called ^ 'heat-stable^^ fraction of the water-soluble vitamin B. 

Chick and Copping (2) were the first to produce good evidence for 
the existence of a third member of the vitamin B complex. They 
used the so-called "Peters eluate’’ (a yeast eluate from charcoal) as 
the source of thiamine and an extract of egg white as the source of 
riboflavin. These workers did not report dermatitis in their rats, but 
they established that the third factor in the vitamin B complex was 
heat stable in alkaline solution. They called the vitamin "factor 
The third factor of the vitamin B complex was rediscovered inde- 
pendently by Gyorgy (3), who showed that its deficiency was accom- 
panied by a characteristic dermatitis. The extrenlities were largely 
affected — the feet, paws, ears, and the areas around the nose, mouth, 
and eyes. Often the inflamed areas became edematous. He was as- 
saying for riboflavin, which was then being concentrated, using the 
Bourquin-Sherman method, which employed an alcoholic extract of 
wheat as the source of vitamin B (thiamine). The test failed, pre- 
sumably because their wheat extract containing vitamin B (thia- 
mine) carried little of the third factor or factors; and their rats did 
not respond with growth when pure riboflavin or riboflavin concen- 
trates were fed. Gyorgy realized the possibility of deficiency of 
another factor, which at first he thought to be vitamin B4, but later 

III 
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he suggested it might be similar to factor Y, of Chick and Copping. 
When he later used pure thiamine and riboflavin, the rats developed 
the so-called “specific dermatitis” characteristic of pyridoxine de- 
ficiency under these conditions. Gyorgy (3) then differentiated this 
type of dermatitis, which he called “acrodynia” (4) from the skin 
disturbance resulting from riboflavin deficiency. 

The third factor was found to be multiple in nature, and the terms 
“factor i” and “factor 2” were introduced (5). Factor i consisted of 
an eluate from fuller’s earth containing vitamin 85; and factor 2 re- 
mained in the filtrate after the fuller’s earth treatment, and has been 
called the “filtrate factor.” Vitamin Be has also been referred to as 
“adermin” (6). 

Later Gyorgy (7) introduced the term “pyridoxine,” which has 
clarified a much confused situation by replacing factor i, vitamin 
Be, adermin, antiacrodynia factor, rat antidermatitis vitamin, and 
factor Y. The introduction of factor 2 concentrates capable of being 
freed of vitamin Be (5) provided a diet free or nearly free of vitamin 
Be and made the vitamin-Be test simple and rapid when too great 
accuracy was not required. Under proper conditions of testing, it 
was often possible to obtain a fairly good assay for vitamin Be in less 
than 24 hours. Birch and Gyorgy (8) reported a large number of the 
chemical properties of vitamin Be, and the race for the isolation of 
vitamin Be was on. The first announcement of the crystallization of 
vitamin Be (9) appeared from the Poultry Division of the University 
of California. About the same time, Kerestzesy and his associates 
(10) announced the crystallization of vitamin Be. But a little later 
Gyorgy (i i) reported its isolation, and his announcement was short- 
ly followed by that of Kuhn and his co-workers (i 2) and by that of 
Ichiba and Michi (13). Within a year the investigators at the Merck 
laboratory (14) and those in Kuhn’s laboratory (15) showed that 
vitamin Be was a pyridine derivative of the formula 

CHOH 

HOI^^HOH 

CH,[^ 

N 
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In another year the Merck laboratory made synthetic vitamin Be 
available for research purposes, and shortly thereafter for therapeu- 
tic use. 

In this connection it is of interest to point out that Ohdahke, 
working in Suzuke^s laboratory, isolated vitamin Be in 1931 (13). Its 
identification as a vitamin had not yet been made, nor were the 
means available to effect its biological recognition. There is such a 
thing as being ahead of the times. 

PYRIDOXINE AVITAMINOSIS 

Skin , — Pyridoxine deficiency in the rat has always been associated 
with a specific dermatitis which Gyorgy (4) called ‘^acrodynia.” Ex- 
perimentally this association did not always occur. Pyridoxine de- 
ficiency in the rat has not always been accompanied by acrodynia 
(16, 35), nor could acrodynia always be cured by pyridoxine (17). 

No dermatitis has been reported for the dog and pig, although 
pyridoxine deficiency has been obtained with both animals. Cheilosis 
in man, which was thought to be characteristic of riboflavin de- 
ficiency, has in some cases been cured by pyridoxine (18) . Pyridoxine 
deficiency has not yet been produced in the chicken or pigeon, but 
both of these species have been shown to respond with limited 
growth to pyridoxine administration under certain conditions (19). 
Full pyridoxine deficiency has not been established in the chicken 
and pigeon probably because of other limiting, but as yet unidenti- 
fied, deficiencies. 

The ruminant does not need pyridoxine in the food. This is syn- 
thesized by the rich microbiological flora in the spacious rumen (20) 
and later absorbed in the process of digestion. Addition of thiamine 
stimulates the activity of the microbiological flora in the ruminant, 
resulting in increased pyridoxine synthesis (21). 

While most microorganisms synthesize pyridoxine, some do not, 
but require it for their growth (22). The excised roots of the to- 
mato, at least of some varieties, require pyridoxine for normal 
growth (23). 

Convtdsions . — Chick and co-workers (24, 25) reported convulsions 
in pyridoxine-deficient rats and pigs resembling epileptic fits in the 
human. Convulsions in dogs were reported by Fouts and his associ- 
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ates (26). 'Winetrobe (27) also noted convulsions in pyridoxine- 
deficient pigs. 

Blood stream , — Of no less interest than dermatitis and convulsions 
is the development of a microcytic hypochromic anemia. This has 
been most thoroughly worked out with the dog (28) and confirmed 
with the pig (24, 27). The hemoglobin and the red cells decrease 
progressively, the hemoglobin relatively faster than the red cells. 
Addition of pyridoxine causes a great reticulocyte response, with 
rapid increase in hemoglobin and red cells, until the normal is at- 
tained. While this has been confirmed in several laboratories and 
may therefore be accepted as a fact, recent work has made puzzling 
additions. In the work of Fouts and associates, the decline of hemo- 
globin and the red cells, as well as their restoration, depended on 
only one factor, pyridoxine, a fact substantiated with the pure ma- 
terial. Yet Borson and Mettier (29) have shown that, while pyri- 
doxine will restore the hemoglobin a long way toward its normal 
level, it will not bring it back to normal without the addition of 
another factor. The factor is not pantothenic acid but is present in 
liver or its crude concentrates. 

Presumably, pyridoxine is essential for hemoglobin formation, 
though just what role it plays is at present unknown. Pyridoxine 
seems to play a role in anemias other than pyridoxine deficiency. 
Pyridoxine was active in the cure of anemia resulting from the injec- 
tion of typhus toxin (30), whereas riboflavin and nicotinic acid were 
inactive. In hemorrhagic anemia in rabbits (31) faster regeneration 
of hemoglobin and erythrocytes took place with pyridoxine addition 
than with riboflavin or nicotinic acid. The role of pyridoxine under 
these conditions is hard to understand, except where the pyridoxine 
deficiency accompanied typhus injection or hemorrhage. 

Distribution , — Pyridoxine has been found in all foods assayed. 
Fruits, vegetables, and milk are fairly poor sources, while seeds and 
legumes are fairly good sources (17,32). Wheat germ and rice polish- 
ings are good sources. Among the animal products, muscle, liver, 
kidney, and heart are all good sources (33). Fish liver is a good 
source of pyridoxine, and so is fish muscle (34). The wide spread and 
abundance of the distribution of pyridoxine render unlikely a de- 
ficiency in the average human diet. 



PYRIDOXINE 


IIS 

Pyridoxine, dermatitis, and interrelationships ,- — The omission of 
any reference to dermatitis by Chick and Copping in factor-Y de- 
ficiency was puzzling, since so many workers could subsequently 
produce it regularly. Analysis of the data available seemed to indi- 
cate that acrodynia could be obtained regularly only by those 
workers who did not provide factor 2 or filtrate factor in the diet and 
therefore were working with a double deficiency. Administration of 
factor 2 along with thiamine and riboflavin caused irregularity in the 
production of acrodynia (35). Sometimes acrodynia appeared in 
pyridoxine-deficient animals; but often, for unexplained reasons, it 
did not appear, though the animals were definitely deficient, as 
judged by growth failure and by the spectacular response in growth 
and well-being which followed pyridoxine feeding. 

Adequate riboflavin intake seemed of importance in this picture, 
since suboptimal intake of riboflavin brought on acrodynia, which 
could be cured by riboflavin (36). This phenomenon, however, could 
not be repeated at will and therefore must, for the present, remain 
obscure. 

Factor 2 seemed also to play an irregular and unpredictable role. 
It now seems that pantothenic acid is definitely involved in the cure 
of acrodynia (37, 38). 

A factor in the production of acrodynia which has received and is 
now receiving a great deal of attention is fat, and more especially the 
essential unsaturated fatty acids. 

Birch, Gyorgy, and Harris (4) were the first to call attention to the 
fact that acrodynia produced on low fat diets could be cured more 
readily with pyridoxine if fat was also fed. They termed this phe- 
nomenon the ^'sparing action of fat on pyridoxine” and called atten- 
tion to the possible relationship of acrodynia with the ‘^Burr and 
Burr syndrome” (39) resulting from deficiency of ‘‘essential unsatu- 
rated fatty acids” and, more specifically, of linoleic acid. The “Burr 
and Burr syndrome” can be characterized as a dry, scaly skin, ac- 
companied by a disturbance of water metabolism, kidney degenera- 
tion, and reproductive disturbances. These studies were extended by 
Birch (40), who showed that in the presence of adequate quantities 
of pyridoxine acrodynia did not appear but that the scaliness and dry 
skin, along with kidney degeneration, were still present. In the pres- 
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ence of adequate fat, only acrodynia appeared. But, when either the 
essential fatty acids or pyridoxine were present in definite but in- 
adequate amounts, there seemed to be some obscure interrelation- 
ship; then the acrodynia could be cured by either pyridoxine or fat. 
Birch advanced the idea that the essential fatty acids were necessary 
for the utilization of pyridoxine and that pyridoxine was required for 
the utilization of the essential fatty acids. These studies have been 
extended by Steenbock and his students (17, 37), by Salmon (38), by 
Richardson and Hogan (41), by Tange (42), by Emerson (43), and 
by others. There is no complete agreement among these workers, 
but most of them feel that the cure of acrodynia in rats on fat-free 
diets receiving thiamine and riboflavin as the only source of the 
vitamin B complex can be effected by the essential unsaturated fatty 
acids or by pyridoxine plus pantothenic acid and some other, as yet 
unknown, factor. The problem is still further complicated by differ- 
ences in the physiological action of different essential unsaturated 
fatty acids. Burr and associates (44) showed that all the essential 
unsaturated fatty acids will cause growth in rats on fat-free diets but 
that linolenic acid has no great effectiveness in the cure of dermatitis 
(Burr and Burr syndrome), whereas linoleic and arachidonic acids 
are effective. Dermatitis seems to be complex, many factors playing 
as yet undetermined roles in its cure and production. 

Whether any of the dermatoses, rashes, and eczemas afflicting the 
human are due in part to pyridoxine deficiency remains to be estab- 
lished. The possibility is by no means excluded that pyridoxine does 
play a role in such clinical conditions. Certain types of dermatitis 
observed in the clinic by Matzger (45) have been shown in pre- 
liminary observations to be more rapidly cleared up when pyridoxine 
was included in the therapy, especially with those dermatoses 
having a bilaterally symmetrical distribution and accompanied by 
edema. 

Pyridoxine enters in other still obscure interrelationships. Gyorgy 
(46) found that pyridoxine will aggravate cortical necrosis of kidneys 
in rats on low choline diets. Morgan et aL (47) and Lunde and Kring- 
stad (48) have shown that pyridoxine will accelerate the graying of 
hair. At present these phenomena are so obscure as to render even a 
guess about the mechanism involved quite unprofitable. 
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Metabolism and pyridoxine requirements , — The requirements of 
vitamin A are proportional to the body weight, whereas the require- 
ments of thiamine are proportional to metabolism. While such dif- 
ference in requirements, whether based on weight or metabolism, is 
unimportant to the normal animal, it becomes of importance when 
there is an increase in metabolism, as in fevers, hyperthyroidism, etc. 
Few facts have been found bearing on this point, with respect to 
pyridoxine, but the few that have been found indicate that the 
pyridoxine requirements are proportional to metabolism. Gy orgy 
(49) found that the pyridoxine requirements of rats are increased 
when kept in a cold environment, which causes an elevated metabo- 
lism. Abnormally high temperatures, which also increase metabo- 
lism, will also increase the pyridoxine requirements (50). It would 
seem that pyridoxine, like other members of the vitamin B complex, 
is required in greater amounts in infectious fevers, when the body 
metabolism is increased. 

Efficiency of food utilization , — In a study of the role of pyridoxine 
deficiency on the testis, Emerson and Evans (51) reported testicular 
degeneration. Such studies must be accompanied by carefully con- 
trolled nutritional regimens, with the object of keeping the experi- 
mental animals and the controls in the same nutritive state. It is not 
sufficient merely to feed the two groups of animals the same amount 
of food, since the rats receiving the pyridoxine will utilize their food 
more efficiently, and this has the same effect as feeding the animal 
more food. Preliminary experience shows this to be the case: the 
pyridoxine-deficient rat, although receiving the same amount of food 
as its paired pyridoxine-fed mate, weighs less than the pyridoxine -fed 
rat (52). Carefully controlled experiments should first determine the 
food intakes necessary to maintain the same nutritive physiological 
conditions in both types of rats before determining the effect of 
pyridoxine on any organ. The most convenient criterion for deter- 
mining the physiological nutritive condition of the rat is weight, but 
the most accurate would be that derived from a nitrogen-and- 
energy-balance experiment. 

To illustrate the effect of nutritive condition on the testes, re- 
course must be made to some work with pantothenic acid deficient 
rats. It was found that the rat receiving pantothenic acid had to 
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have its food intake reduced by 1 5-20 per cent before their weights 
would equal those of pantothenic acid deficient controls (52). While 
the weights of the food intake differed by only 10-20 per cent, and 
the weights of the rats at most about 30 per cent, the weights of the 
testes differed in some cases by over 100 per cent. 
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PANTOTHENIC ACID AND THE MICROBIOLOGICAL 
APPROACH TO THE STUDY OF VITAMINS 


ROGER J. WILLIAMS 
Department of Chemistry, University of Texas 

D uring the highly interesting and profitable symposium at 
I Madison (i), the investigators participating were engaged 
in painting a picture of intermediate metabolism. At times 
it appeared as though the picture was nearing completion and was 
almost ready for a frame. It would have been almost a sacrilege to 
have arisen at such a time to ask: ‘^Where does pantothenic acid fit 
in? How about other members of the 'B complex^ which have not 
been brought into your discussion: pyridoxine, biotin, inositol, or 
^-aminobenzoic acid?’’ It would have been like throwing fresh 
daubs of color onto a nearly finished canvas. 

The committee was forethoughtful and arranged it so we should 
all steal away from Madison while the intermediate metabolism pic- 
ture was still intact. At Chicago the vitamin investigators, who are 
less artistic and less able to paint detailed pictures, can daub away as 
best they can with the knowledge, of course, that a complete picture 
or blue print of intermediate metabolism must eventually include all 
of the “essential cogs” in the machinery of living matter. 

The history of pantothenic acid has been reviewed in part in 
Biological Reviews (2) and more specifically in Enzymologia (3), and it 
does not appear wise to take the time of this audience to go over this 
material in detail. Instead we shall outline some phases of recent 
research on pantothenic acid, some of which have not been pub- 
lished, and then pass on to the second portion of the topic, namely, 
the microbiological approach to the study of vitamins. 

Very briefly, the existence of pantothenic acid was first noted as a 
“yeast-growth substance”; and its discovery had its basis in the 
work in Ide’s laboratory in 1901, where a hypothetical substance, 
“bios,” necessary for normal yeast multiplication, was discovered. 
If the term “bios” were now to be used to designate any single chemi- 
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cal entity, it would most appropriately be applied to pantothenic 
acid, because, of all the substances known to be stimulatory to yeast 
growth, pantothenic acid is effective under conditions most nearly 
resembling those used in the Belgian laboratories. 

Before the vitamin properties of pantothenic acid were demon- 
strated, the broad physiological importance of the substance was 
clearly indicated. Its apparent occurrence in the tissues of all or- 
ganisms tested, including those from many biological phyla, was it- 
self a strong indication in this direction. Its stimulatory effect on 
green plants under specific conditions was another indication. Peter- 
son and his students at Wisconsin recognized the same substance as 
essential for the growth of lactic acid bacteria before its effectiveness 
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Fig. t. — P antothenic acid 

as a vitamin was demonstrated. Mueller and co-workers found it to 
be effective for diphtheria organisms. 

The formula for pantothenic acid is now familiar to all of you, and 
is given in Figure i. 

It will be interesting to review the question as to what modifica- 
tions of this molecule are possible without destroying completely its 
physiological potency. While exhaustive research has not been car- 
ried out, we can say with considerable safety that any modification 
whatever of the right-hand portion (jS-alanine residue) results in 
serious loss of physiological activity. On the left-hand portion, how- 
ever, a number of changes may be made, with the result that the 
products possess substantial activity. For example, we may elimi- 
nate one of the methyl groups, or we may eliminate one and shift the 
other to the a- or y-position, and the resulting compounds will retain 
some slight physiological activity toward microfirganisms. Usually 
they are less than i per cent as active as pantothenic acid itself. Dr. 
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Mitchell prepared ^‘hydroxy pantothenic acid” by introducing an 
additional hydroxyl group on one of the methyl carbon atoms. This 
resulted in a product which had higher, but variable, physiological 
activity up to 20 per cent or more of that of pantothenic acid. Hy- 
droxy pantothenic acid appears not to be a natural-occurring sub- 
stance, on the basis of the following evidence: When a natural ex- 
tract is tested, using different organisms and different conditions of 
test, it always appears to have the same physiological potency, with- 
in limits of experimental error, as compared with pure pantothenic 
acid. When conditions and test organisms are varied and solutions 
of hydroxy pantothenic acid are subjected to similar tests, the 
potency of the material may vary as much as twenty-fold. 

Pantothenic acid is hydrolyzed more readily than a typical pep- 
tide by mild alkaline or acid treatment. Esters of pantothenic acid 
are hydrolyzed even more easily, so that it is possible, by careful con- 
trol of conditions, to form and hydrolyze esters of pantothenic acid 
without much cleavage of the pantothenic acid molecule. These 
facts have a bearing on the problem of how pantothenic acid is bound 
in tissues and in enzyme preparations. We recognized years ago that, 
if the liver from a freshly killed animal is extracted with hot water, 
very little pantothenic acid is obtained, whereas, after autolysis or 
merely standing at room temperature, much of the active substance 
is freed. 

Pantothenic acid appears to require enzymatic action in order 
that it be freed from the bound condition. Mild add or alkaline 
treatment has not been successful. This indicates that pantothenic 
acid probably does not occur bound through an ester linkage. jS- 
alanine has not been successfully freed from fresh liver by mild acid 
or alkaline treatment; and this fact, in the light of those just men- 
tioned, indicates that pantothenic acid in liver is not bound through 
the left-hand portion (Fig. i) of the molecule. A possibility which 
appears probable is that it may be bound through an amide linkage 
on the jS-alanine portion. 

Recently Dr. Cheldelin and Mr. Moser have shown that panto- 
thenic acid can be effectively released from its combination in fresh 
liver and in other tissues by taka-diastase and papain. This work 
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was done with crude enzyme preparations, and nothing is known 
regarding the specific enzymes which may be involved. 

I have stated that any alteration of the jS-alanine residue in 
pantothenic acid results in loss of physiological activity. Dr. Snell, 
however, has prepared a compound, analogous to pantothenic acid, 
in which the carboxyl group is replaced by a sulfonic acid group. 
This compound has no pantothenic acid activity, but it has the very 
interesting property of blocking out pantothenic acid when intro- 
duced into a medium containing it. Thus, an organism requiring 
pantothenic acid will not grow in a medium containing pantothenic 
acid plus an excess of the sulfur analogue. If, however, the panto- 
thenic acid concentration in the medium is raised to a higher level, it 
again becomes available and growth proceeds. 

The functioning of pantothenic acid in cell metabolism has been 
the subject of a study by Teague at the University of Texas. He has 
confirmed the former finding that yeast which is deficient in panto- 
thenic acid is stimulated in its fermentation by the addition of 
pantothenic acid. In cell-free systems, however, he was unable to 
obtain any appreciable effect. It was notable, on the other hand, 
that in any preparation capable of carrying on fermentation there 
remained an appreciable amount of pantothenic acid in bound con- 
dition and therefore not removable by dialysis. 

Decarboxylation of pyruvic acid and phosphorylation of glucose 
could be catalyzed by cell-free preparations containing practically no 
free pantothenic acid, and addition of pantothenic acid failed to 
speed up the processes. Again, however, the preparations contained 
some ‘‘bound” pantothenic acid. 

The effect of added pantothenic acid on the oxygen consumption 
of deficient chicken breast muscle gave negative results. (The breast 
muscle was rendered deficient by feeding the chickens on a diet low 
in pantothenic acid.) The anaerobic glycolysis in deficient breast 
and brain tissues was likewise not affected by added pantothenic 
acid. It was particularly interesting that the sulfur analogue of pan- 
tothenic acid likewise had no effect on anaerobic glycolysis in de- 
ficient breast muscle. This finding may be interpreted to mean that 
pantothenic acid is not a dissociable coenzyme necessary for this 
process. Of course, the tissues used contained significant amounts of 
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bound pantothenic acid, even though they were deficient; so it is not 
possible to say that glycolysis can take place in the absence of this , 
vitamin. 

The question of the importance of pantothenic acid as a vitamin 
can well be discussed at this point. That it is essential for various 



Fig. 3. — Pantothenic acid deficient pig 


animals has been shown in many laboratories. Among the animals 
used have been rats, mice, chickens, hogs, and dogs. Others have 
had more experience with this work and hence are more competent to 
speak on this phase of the subject than lam. 

Among the effects attributed to pantothenic acid deficiency are 
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gray hair, dermatitis, ulcers in the intestinal tract, adrenal necrosis, 
kidney involvement, and nerve degeneration. I will not take time to 
discuss these except to state that on each point there is a substantial 
amount of evidence. 

In Figure 2 are shown two chickens of the same age which were 
treated exactly alike except for the introduction of pantothenic acid 
into the diet of the better-developed specimen. From our studies and 
from observation it is easy to conclude that every tissue in the body 
is affected by pantothenic acid 
deficiency. 

In Figure 3 we see a panto- 
thenic acid deficient pig. Such 
an animal develops a ‘ ^goose- 
stepping” syndrome which is 
characteristic. In Figure 4 is 
shown ulcers in the large in- 
testine of such a pig. The 
intestinal tract is said to be 
ulcerated from one end to the 
other. I am indebted to Drs. 

E. H. Hughes and T. H. 

Jukes, of the University of 
California, who very kindly 
furnished me with the illustra- 
tions shown in Figures 3 and 4. 

Two facts may be cited which tend to show that natural panto- 
thenic acid deficiencies exist. First, it has been shown that chicks 
fed on a diet containing 75 per cent whole corn, supplemented with 
casein and other vitamins, develop typical dermatitis symptoms. 
Evidently this grain, at least, is deficient for chickens. Second, Dr. 
Taylor at the University of Texas has shown that feeding extra 
pantothenic acid to hens already on an excellent commercial diet 
increased the hatchability of the eggs up to 30 per cent above the < 
controls. 

Turning to the subject of the microbiological approach, we will 
first consider the use of microorganisms as tools in the discovery of 
new vitamins and related compounds and mention some of the ac- 



Fig. 4. — Ulcers in large intestine of pan- 
tothenic acid deficient pig. 
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complishments made possible at the University of Texas largely 
through the generosity of the Clayton Foundation of Houston. 

No one, I believe, will question the opinion that there are B 
vitamins yet to be discovered and characterized. That microorgan- 
isms will play an important part in the discovery of these seems evi- 
dent. Members of the B complex in general affect microorganisms 
under appropriate conditions; and nutrilites for yeasts and bacteria, 
with a few exceptions, are vitamins for animals. 

Drs. Mitchell and Snell and myself reported this summer (4) the 
isolation of a vitamin-like substance from spinach which is also 
unusually abundant in other green leaves and for which we proposed 
the name ‘Tolic acid” (Latin, '^leaf”). It affects yeast and a 
number of bacteria when introduced into media in very small doses, 
and even without animal experiments the indications are that it is a 
vitamin. It is present in all animal tissues and is released by autoly- 
sis^ — a fact which indicates its functional importance. There is also 
some evidence that it possesses growth-promoting activity for rats. 
It may be that it is produced by bacteriaLaction in the intestine. 

Another substance of interest to vitamin chemists is the substance 
avidin, which was discovered and isolated by Eakin in our labora- 
tories, This substance combines with biotin and is responsible for 
egg-white injury observed in rats and chicks. It has recently been 
crystallized by Pennington (Fig. 5). The dissociation of the biotin- 
avidin complex is so slight that it is not broken down by exhaustive 
dialysis. Avidin appears, from analysis and from its ability to give 
carbohydrate tests, to be a glucoprotein. 

Another important application of microorganisms to the study of 
vitamins consists in their use in the determination of vitamins. 
Various workers at Wisconsin and elsewhere, including ourselves, 
have developed microbiological methods for the determination of 
vitamins. Among the best known of these are : (i ) the yeast fermen- 
tation method for thiamine of Schultz, Atkin, and Frey; (2) the Snell- 
• Strong method for riboflavin; (3) the microbiological methods for 
pantothenic acid; (4) the Snell-Wright method for nicotinic acid; and 
(5) the yeast-growth method for biotin. 

In addition, we have devised methods for pyridoxine, thiamine, 
inositol, and folic acid and are now publishing a bulletin ( 5 ) which 
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will be for free distribution, describing the various methods and 
their application to the study of the vitamin content of normal tissue 
autolysates. 

To express the results in graphic form, we have constructed ‘Vita- 
min profiles” in which the vitamin content in gammas per gram of a 
whole rat carcass is taken as a unit, and every other material com- 



Fig. 5. — CrystalKne avidin 


pared to this. The vitamin profile of the rat carcass material would 
be represented by a series of bars, each one division high. If a bar in 
a profile is ten units high, this means that the tissue autolysate con- 
cerned is ten times as rich as the average tissue in a rat carcass. 

In Figures 6-8 are given examples of vitamin profiles from our 
forthcoming bulletin. The order in, which the vitamins appear (ab- 
breviated by their initial letters) is arbitrary but is the same in all 
the illustrations. 



fBPTRlN9 FBPTRINJV FBPTRIN Py 

BAT uvER bat kidney rat heart 
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Fig. 6. — Vitamin profiles (autolysates) of animal tissues 
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Fig. 7. — Vitamin profiles (autolysates) of animal tissues 











JiQS ^RAIN beef ant pituitary beef post pituitary 


Fig. 8. — Vitamin profiles (autolysates) of animal tissues 
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Another form of chart is represented in Figures 9 and 10. These 
represent the distribution of the individual vitamins in different tis- 
sues. One of the most interesting observations to be made in connec- 




Fig. 9. — Distribution of B vitamins in different tissues (autolysates) 

tion with these determinations is the fact that the distributions of 
the various B vitamins show a positive correlation with each other. 
Sources which are rich for one B vitamin tend to be rich for the 
others. Individual tissues offer interesting exceptions. The distribu- 
tion of inositol is erratic. 
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In Figures 1 1 and 1 2 are shown vitamin profiles of autolysates of 
embryonic, young, and mature tissues. We do not claim that tlie 
methods which we have used or the results obtained from them are 
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Fig. 10. — Distribution of B vitamins in different tissues (autolysates) 


in any sense final. The sample graphs here shown at least suggest 
what can be done by microbiological methods. 

Let us suppose, now, that all the B vitamin* have been discovered 
and that satisfactory methods of one kind or another have been de- 






Fig. II. — Distribution of B vitamins in embryonic, young, and mature rat tissues 
(autolysates). 














Fig, 12. — Distribution of B vitamins in embryonic, young, and mature chicken 
tissues (autolysates). 
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veloped for all of them. Is there still more that microbiological study 
can do? 

There appear to be two more important contributions from this 
source. First, there is the problem of microbiological production of 
B vitamins in the intestines of various animals. Recent suggestive 
work by Elvehjem and co-workers indicate that this phase of investi- 
gation may be highly important. Second, there is the question of 
interrelations, replacements, antagonisms, and synergisms between 
the various B vitamins. There is almost an indefinite amount of in- 
vestigation on animals which will have to be done before these prob- 
lems can be solved. It appears likely that the best place to start is 
with microorganisms. In connection with yeast-growth studies, a 
number of interesting and suggestive observations have already been 
made which may be of a fundamental nature and may carry over 
into the animal organism. Experiments with microorganisms are rel- 
atively so simple, compared with animal experiments, that it is de- 
sirable to use them whenever they show promise. 
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T he importance of pantothenic acid in the nutrition of 
various species of animals is now well established, but the 
significance of this factor in the diet of humans is only be- 
ginning to be explored. A few brief reports have appeared (i, 2, 3, 4, 
5), but in no instance have adequate studies been performed to sub- 
stantiate the observed clinical effectiveness of this substance. The 
present report, therefore, is intended to summarize the available 
knowledge of pantothenic acid in so far as human nutrition is con- 
cerned, as well as to present several preliminary observations relative 
to its therapeutic usefulness. 

The first report of a clinical trial of pantothenic acid was that of 
Spies, Stanberry, Jukes, Williams, and Babcock (4), which indicated 
a fall up to 50 per cent in the pantothenate level in the blood of 
patients with pellagra, beriberi, and riboflavin deficiency. Subse- 
quent injection of calcium pantothenate produced a rise in both 
pantothenate and riboflavin. Likewise, the administration of ribo- 
flavin to such patients caused a rise in both factors. From these re- 
sults the authors concluded that pantothenic acid is necessary to 
humans and that its function is in some way closely associated with 
that of riboflavin. 

Three months later Musick (5) suggested that deficiency of panto- 
thenic acid and pyridoxine was responsible for the muscular weak- 
ness characteristic of B-complex avitaminosis. No assay studies were 
included. 

Quantitative blood and urine studies in dogs have recently been 
reported by Silber and KJaus (6), who have found that urinary excre- 
tion of pantothenate rises within 2 hours following an oral test dose 
of 4 mg. per kilo body weight. With an oral dose of i mg. per kilo the 
24-hour excretion amounted to 22-31 per cent of the administered 
amount. The blood levels rose and fell within 2 hours after oral ad- 

1^6 
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ministration of calcium pantothenate. The effect on riboflavin con- 
tent of blood and urine reported by Spies et al. was not confirmed in 
this study on dogs. 

The assay method used by Silber and Klaus, and by the author in 
the study of human pantothenate excretion, was that of Strong, 
Feeney, and Earle (7) and was based upon the growth requirement 
of Lactobacillus casei for pantothenic acid. A culture medium was 
prepared which contained all of the growth essentials for the organ- 
ism with the exception of pantothenate. Urine was then added in 
predetermined dilutions to supply the missing factor. The bacterial 
growth which ensued during the following 72-hour period was di- 
rectly proportional to the pantothenate content of the added urine, 
and the end-point was readily determined by titration of the lactic 
acid produced by the growing culture with standard alkali, using 
bromthymol blue as an indicator. Such a procedure has proved to be 
applicable to a wide variety of assay conditions. By slight modifica- 
tion of the basal medium, riboflavin determinations can be carried 
out according to the technique of Snell and Strong (8). 

In the studies on humans the subjects were chiefly medical stu- 
dents and members of the laboratory staff, all of whom were con- 
suming apparently normal diets, and in none of whom could any 
manifestations be found suggestive of deficiency disease of any sort. 
Various hospital patients were also studied because of clinical evi- 
dence, more or less clear-cut, of nutritional deficiency disease. 

Urine was collected in 24-hour specimens and preserved with a 
few drops of chloroform and a few drops of toluene to prevent bac- 
terial growth. These small amounts of preservative have been found 
not to interfere in any way with the subsequent growth of the assay 
organism. 

A series of 58 assays on 40 different subjects revealed an average 
daily excretion of 3.52 mg., with a range of from 1.14 to 6.36 mg. 
Individual variations from day to day were found to be quite large 
and were presumably dependent upon corresponding variations in 
the pantothenate content of the diet. The distribution of these ex- 
cretion data are shown in Figure i. Thus, 19 per cent of this group 
excrete between 3I0 and 3.5 mg. per 24 hours. None of the normal 
subjects excreted less than i.o mg. 
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In 1 2 cases of general nutritional deficiency the range of urinary 
excretion was from 0.39 to 1.45 mg. per 24 hours, with an average of 
0.83 mg. Although i.o mg. per 24 hours appears to be a rough divid- 

quantitative excretion or pantothenic 
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ing-line between normal and deficient subjects, there is some, ap- 
parent overlapping of values which makes some further diagnostic 
procedure highly desirable. 
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In an effort to find such a test procedure, 10 mg. of crystalline 
calcium pantothenate were administered either orally or subcutane- 
ously, followed by hourly urine collections. Another series, using 20 
mg. of pantothenate both orally and subcutaneously, was also ex- 
amined. In all cases a pretest 24-hour specimen was collected, and 
the test dose was given under fasting conditions; diuresis was pro- 
duced by the administration of 400 cc. of water. The results of the 
20-mg. test-dose procedure in normal subjects are shown in Figure 2. 
Every conceivable analysis of these data has failed to yield a basis for 
satisfactory separation of normals from deficiency cases. The evi- 
dence presented in the chart, however, indicates that calcium .panto- 
thenate is quickly and efficiently absorbed from the gastrointestinal 
tract in normal subjects. The charted results for cases of deficiency 
disease are almost identical and are therefore not included. Thus it 
appears that the ^'test-dose procedure^’ is not applicable as a diag- 
nostic measure of human pantothenic acid deficiency. Axelrod, 
Spies, and Elvehjem (9) have shown this to be true also in the case of 
riboflavin deficiency in humans. 

Therapeutic administration of calcium pantothenate to cases of 
nutritional deficiency, either alone or together with other vitamins, 
produces a prompt rise in urinary excretion, until the daily output 
falls well within the established normal range. A similar rise has 
often been observed to follow the establishment of a good diet with- 
out added vitamin supplements. 

In attempting to identify a specific biochemical or clinical function 
of pantothenic acid, it is logical to be guided by the known manifes- 
tations of this deficiency in experimental animals. In chicks, this 
substance is known to be necessary for normal growth and has been 
shown to prevent typical deficiency lesions of the skin and central 
nervous system (10). In rats, growth is likewise impaired, and le- 
sions appear in the adrenal cortex, characterized by depletion of 
lipoid droplets, hemorrhage, and finally necrosis and atrophy, with 
presumably a concomitant loss of adrenal cortical function (ii, 12). 
Similar adrenal cortical lesions have been produced in dogs, and life 
has then been maintained with adrenal cortical extract in the con- 
tinued absence of pantothenic acid from the diet (13). The author 
has obtained identical results with rats (14). 
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In the pig, a lack of the filtrate factor causes a retardation of 
growth and a failure of normal weight gain (15). In addition, as 
shown in experiments of Wintrobe, Miller, and Lisco (16), changes 
in the central nervous system brought about by B-complex de- 
ficiency, and unaffected by the addition of various pure components 
to the diet, are partially relieved by the use of liver. In these experi- 
ments pure pantothenate was not tried. Subsequent experiments by 
this same group have corroborated their earlier findings and have 
indicated, in addition, that pantothenic acid may be at least one of 
the factors involved in the central nervous system lesions which 
manifest themselves in the spastic goose-stepping gait (17). Hughes 
has produced similar evidence (18). 

In the silver fox, the lack of filtrate factor leads to the develop- 
ment of an inferior grade of fur with an excessive degree of “silver- 
ing’’’ (19) . Graying of fur in several other species has been attributed 
to pantothenic acid deficiency (20, 21, 22), but the evidence is not 
completely satisfactory at present. 

From the available evidence in animals, lesions due to panto- 
thenic acid deficiency in the human may occur in the nervous or 
endocrine systems or they may involve the skin or hair. Several 
cases have been of unusual interest in this connection. In two of 
these showing the classical signs and symptoms of peripheral neuritis 
associated with a long-standing poor dietary intake and other mani- 
festations of nutritional deficiency, the use of supplements of pure 
thiamine, riboflavin, nicotinic acid, and pyridoxine failed to produce 
a therapeutic response. The subsequent addition of 50 mg. daily of 
pantothenate to the diet resulted in prompt improvement, both sub- 
jectively and objectively. In all, 5 cases of peripheral neuritis were 
treated in this manner, and the response in every instance was excel- 
lent. The results, however, are open to the criticism that the im- 
provement noted may have been due to the delayed effect of the 
other B vitamins administered before the pantothenate. The slow 
response of this condition to vitamin therapy is well known, and such 
a possibility cannot be ruled out. Quantitative methods of study 
were not available at the time of most of these observations. In a 
few instances such studies confirmed the clinical diagnosis, and the 
data so obtained are included above. 
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Another interesting observation occurred in connection with a 
case of Korsakoff's syndrome in a male alcoholic with severe periph- 
eral neuritis. His mental state was t3rpical of that condition, and 
the neurological signs of peripheral neuropathy included exquisite 
tenderness over the nerve trunks and loss of knee and ankle jerks and 
of vibration and position senses. This entire clinical picture did not 
respond to the administration of those members of the B complex 
usually employed, namely, thiamine, riboflavin, and nicotinic acid. 
There was, however, a marked and rapid response to the addition of 
pantothenic acid supplements to the diet. This improvement in- 
cluded a rapid clearing of the mental state, but there has thus far 
been no return of the knee and ankle jerks. It was not possible to 
perform quantitative urine examinations for pantothenate, but the 
clinical response strongly suggests a therapeutic effect from that 
substance. 

The possibility of human adrenal insufficiency on a nutritional 
basis is worthy of passing mention. There have not been any re- 
ported cases of this type, although clinicians are becoming increas- 
ingly aware of a rising incidence of nontuberculous Addison's dis- 
ease, the etiology of which is usually described as ‘^idiopathic" or 
“toxic." It is not unreasonable, therefore, on the basis of animal 
experiments, to conclude that nutritional deficiency may act either 
alone or as an important predisposing factor in the production of this 
condition. Of the nutrients thus far studied, pantothenic acid would 
appear to be one most worthy of further attention. 

The suggestion that pantothenic acid may play a part in main- 
taining the integrity of nervous tissue, both in experimental animals 
and in man, comes at a time when many students of nutrition are 
beginning to question the existing theories as to the sp)ecific etiology 
of nutritional neuropathy. Evidence from several sources has been 
presented which indicates that thiamine alone neither prevents nor 
cures the degenerative changes in nervous tissue generally conceded 
to be due to nutritional deficiency (23, 24, 17). Indeed, the entire 
basis for thiamine as an antineuritic factor has been questioned. It is 
abundantly clear, on the one hand, that the error in pyruvate metab- 
olism justifiably attributable to thiamine deficiency is corrected in a 
matter of hours after restoration of the missing factor and, on the 
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other, that long-continued nutritional deficiency produces perma- 
nent irreversible changes in the peripheral nerves. The intermediate 
stages are not clear, but there is a growing opinion that ‘^nutritional 
neuropathy’^ represents a multiple-deficiency disease. Pantothenate 
may eventually prove to be one of the missing factors. 

Because of the wide distribution of pantothenic acid in nature, it 
is logical to question the incidence of a spontaneous deficiency. 
Jukes (25) has listed 16 foods as excellent sources, 13 foods as good 
sources, and a great many foods as moderate-to-poor sources. By 
studying this list it becomes apparent that pantothenic acid de- 
ficiency might easily occur in combination with other B -complex 
deficiencies. Among experimental animals the ruminants are inde- 
pendent of a dietary supply of this substance because of its synthesis 
by the bacterial flora of the rumen. This synthesis probably occurs 
also in most animals, including man; but the site of the bacterial 
action, in the colon, makes absorption impossible. 

Sebrell (26) has designated 2.77 mg. daily as the riboflavin re- 
quirement of normal healthy adults. The average daily urinary ex- 
cretion varies from 700 to 1,200 fig. daily. If the same ratio were 
tenable for pantothenate, calculated on an average daily excretion of 
3.52 mg., the human daily requirement would be from 9 to ii mg. 
Such a figure is obviously entirely speculative, since the daily re- 
quirement cannot be accurately estimated until experimental panto- 
thenic acid deficiency can be produced in human subjects. 

While many of the clinical observations presented above can 
hardly stand up under close scrutiny, they may, nevertheless, serve 
as a step toward more carefully controlled studies in the future. 
They are of sufficient interest to warrant the extension of careful 
quantitative clinical investigations of nutritional deficiency disease 
to include pantothenic acid. For the results of animal experimenta- 
tion have already pointed to a number of leads, the further study of 
which must be accepted by investigators in the, clinical field. 
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VINCENT DU VIGNEAUD 

Department of Biochemistry, Cornell University Medical College 

T he story of biotin is a story of the development of three 
parallel lines of investigation which, evolving independent- 
ly, gave no indication of their possible connection. Sudden- 
ly two of these lines converged. The two remaining lines continued 
for some time, and then they too merged into one. We now recognize 
that what were thought to be independent roots of different trees of 
research were, in reality, roots of the same tree. 

In each of these three lines of investigation a search was being 
made for a biologically active compound responsible for a certain 
biological effect. In one group of laboratories a search was being 
made for one of the bios factors, a substance necessary for the 
growth of yeast. This was finally isolated by K^ogl and Tbnnis (i) in 
1936 and called “biotin.” In another group of laboratories a search 
was being made for a compound which was necessary for the growth 
of Rkizobium, a nitrogen-fixing bacterium. The compound responsible 
for this was called “coenz)m!ie R” by Allison, Hoover, and Burk (2), 
its discoverers. In still another group of laboratories attempts were 
under way to isolate a substance which had the remarkable power of 
inhibiting in animals the deleterious effects produced by the feeding 
of raw egg white. This protective factor was called the “protective 
factor X” by Boas, “the protective factor against egg white injury” 
by Parsons, and “vitamin H” by Gyorgy. It was little realized, how- 
ever, that the groups in these various laboratories were dealing with 
different manifestations of the same chemical entity. 

With the demonstration that biotin, the yeast-growth factor, was 
the anti-egg-white injury factor, or vitamin H (3), in animals, inter- 
est in biotin has vastly increased, since it became clear through tjiis 
work that biotin played a role in the vital economy of animals and 
that biotin was an animal vitamin. As a result of this finding, work 
was stimulated in many laboratories, and utterly new aspects of its 
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activity are coming to light. The chemical work on elucidation of 
structure is likewise under way. We have, in our own laboratory, 
gradually been getting a glimpse of its chemical nature and perhaps 
of its possible structure. The work, of course, is hampered by the 
small amounts of material available. I need only remind you that 
Kogl worked up 250 kilos of dried egg yolk to get i.i mg. of the 
crystalline compound. It is true that in our laboratory we have 
worked out a far superior method of isolation from other raw mate- 
rials more readily available; yet it is still a precious compound. I 
hope to tell you in the course of this discussion something as to its 
chemical nature. As knowledge of the functional groups may be of 
aid to those working with biotin, I shall discuss the evidence for the 
functional groups, to give these workers a better understanding of 
its chemical behavior and even hints perhaps as to why biotin pos- 
sesses certain peculiar behaviors. I should also like to refer briefly in 
this presentation to some of the studies we have under way on some 
of the biological activities of this compound. I should first, however, 
like to go back to discuss for a moment the development of those 
independent lines of investigation of which I spoke at the beginning, 
how they happened to coalesce, and how biotin became recognized as 
the compound responsible for these apparently different biological 
activities. Perhaps it might not be uninteresting if I were to digress, 
in the course of the story, to relate how we happened to be engaged 
in this particular work and the circumstances that surrounded the 
realization and demonstration of the identity of vitamin H with 
biotin and coenzyme R. There are interesting coincidences involved 
which, although not important scientifically, are nevertheless some- 
times of interest in the human side of scientific events. 

The first of these biological activities to be run down was the bios, 
or yeast-growth, factor. The development of the bios field is un- 
doubtedly familiar to all of you, and I shall not attempt to review it 
here. You are well acquainted with the early recognition by Wildiers 
(4) in Ide’s laboratory in Louvain, Belgium, in 1901, that yeast re- 
quired the presence of traces of certain factors in the media for its 
proper growth and that ^^bios’’ came to be the name given to this 
group. As in the case of vitamin B, it was thought at first that bios 
might be a single compound; but, as further research was done, it 
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was recognized that bios represented a group of compounds. The 
bios group became separated into subgroups and into individual 
compounds labeled ‘‘Bios I,” “Bios Ila,’’ and “Bios IB,” etc. It was 
the Bios IB factor, the charcoal adsorbable factor, which particu- 
larly occupied the attention of Kogl and Tonnis at Utrecht. From 
this fraction Kogl and Tonnis isolated in 1936 a crystalline methyl 
ester of a compound which was extremely potent in influencing the 
growth of yeast at concentrations as low as one part in 4 X 10". 
Kogl called this compound “biotin.” He assigned to the ester the 
empirical formula of CnHisO^NaS. Whether there are still other 
growth substances in the Bios lift fraction remains for the future to 
settle. A thesis has recently been presented at the University of To- 
ronto by Wayman (5), a student of the late Lash Miller, who claims 
that biotin does not possess the full growth-promoting power of the 
Bios lift fraction. 

While this work on the bios factors was under way, Allison, 
Hoover, and Burk, in 1933, found that several species of the root- 
nodule bacterium Rhizohium required the presdnce of some substance 
which could be concentrated from cultures of Azotobacter, commer- 
cial sucrose, molasses, hydrolyzed yeast, and many other sources. 
It was heat stable and of low molecular weight. It had a marked 
effect upon the respiration of Rhizobia; and, because of its proper- 
ties, these investigators called it a coenzyme of respiration — for 
short, “coenzyme R.” Considerable work was done on the properties 
of this compound, and considerable effort was made over a period of 
years toward its isolation. In 1939, about four years after the isola- 
tion of biotin, West and Wilson (6) suggested that coenzyme R and 
biotin were identical, on the basis of extensive comparisons of crude 
preparations. Even somewhat earlier, Nilsson and co-workers (7), in 
Sweden, began to suspect the identity of this yeast nutrilite with 
coenzyme R and finally tried some of KogFs crystalline biotin methyl 
ester for its effect on the growth of Rhizobia, They found that biotin 
possessed the activities ascribed to coenzyme R, and thus two of 
these fields of investigation under discussion converged. Coenzyme 
R became biotin. 

It was not realized at this time, however, that biotin and coen- 
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zyme R, necessary for the growth of yeast and of Rhizobia^ were also 
necessary for animals. 

While the work on biotin and coenzyme R was going on, work was 
also progressing in other laboratories on a very remarkable substance 
which occurred in yeast, liver, and various other sources and which 
possessed the power of counteracting the harmful effects of egg white 
on animals. Boas in 1927 (8) described a definite syndrome which 
regularly occurred in rats that had been fed a diet containing dried 
egg white as the source of protein. She found that when young rats 
were placed on the diet shown in Table i characteristic symptoms 

TABLE 1 

Egg-White Diet Used by Boas 

Dried egg white 100 gm. Lemon juice.. 

Wheaten starch 250 gm. Marmite 

Normal salt mixture 25 gm. Distilled water 

Hardened cottonseed oil 75 gm. 

began to appear after 3 weeks. Boas described the syndrome as fol- 
lows: 

• 

The rats grow well and are usually in good health for from 2 to 3 weeks. Then 
red scaly patches appear at the corners of the mouth, the coat becomes rough 
and sticky and the long hairs fall out. The fur on the abdomen shows at first a 
characteristic ribbed appearance, followed by the development of bald areas. 
Meanwhile the red patches spread to other parts of the body and the picture is 
one of an eczematous dermatitis. There are even skin hemorrhages in severe cases. 
The region round the mouth is always the most severely affected though there is 
often such marked blepharitis that the eyes are closed. The loss of hair is often 
extensive. In a few cases oedema of the feet has been seen but this does not 
usually occur. These rats always have a distinctive, somewhat musty smell, 
probably due to some constituent of the urine. The body weight remains sta- 
tionary for a week or two, but falls slowly during the second stage of the disease. 
This is reached about 2 to 3 weeks after the development of the first signs of de- 
ficiency. To the dermatitis, symptoms of nervous upset are now added. There 
is pronounced spasticity of the limbs, particularly of the hind legs, and the back 

is arched. The rat assumes in many cases a kangaroo-like posture Some 

of the rats do not show marked spasticity but assume a crouching attitude and 
display a curious swimming movement with the front paws. Death, which oc- 
curs in the final phase, is preceded by a rapid loss of weight, and the animal 
shows signs of extreme cyanosis. Rigor mortis sets in rapidly. Post mortem 
there is an almost complete absence of fat and the skin is infiltrated and vascu- 
larised. 


25 cc. 
25 gm. 

300 cc. 
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The absence of fat is particularly worthy of note in passing, in the 
light of McHenry^s recent work (9) on the effect of biotin on fatty 
infiltration of the liver. 

The discovery of a protective factor against this egg-white injury 
was partly due to coincidence but mainly resulted from the careful 
work of Margaret Boas. She found that Bond had long used dried 
egg white in nutrition studies with the rat but had never observed 
the symptoms which she had found. They compared data and found 
that their diets were apparently exactly the same. On closer scru- 
tiny, however, they realized that Bond had used potato starch and 
Boas had used wheat starch. Boas then repeated her work but used 
potato starch. The animals did not develop the characteristic symp- 
toms, but did when she went back to wheat starch. She therefore 
postulated that there was some factor in the potato starch which 
protected against the egg-white injury and which was absent in the 
wheat starch. She called it the ^'protective factor This was the 
original discovery of the anti-egg-white injury factor, which we 
also know as "vitamin H,^^ and now as "biotiil.^^ In further work she 
studied the distribution of the protective factor in a variety of food- 
stuffs and found it to be present in large amounts in raw potatoes, 
yeast, milk, and liver. 

From her work Boas postulated two alternative hypotheses: (a) 
that when fresh egg white is dried, a heretofore unknown factor is 
destroyed which can be supplied by fresh eggs, dried yeast, potato 
starch, etc., or (d) that, upon drying egg white, a toxic substance is 
produced which can be neutralized by a factor X; but she concluded 
that it would seem to her that the problem was more complicated 
than either of the two theories. 

Boas also granted that it might be a balance between two con- 
stituents of the diet. In later work Boas (10) interpreted her evi- 
dence as being in favor of the hypothesis that dried egg white con- 
tains some toxic substance created in the process of dr3dng. She re- 
garded the data as opposed to the theory that it was a nutritive dis- 
order due to a deficiency. She concluded that the toxic substance 
was formed from some unknown protein constituent of the egg white. 
It is interesting to note that she pointed out that the protective fac- 
tor X had striking similarities in its distribution with the water- 
soluble B vitamins. 
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Findlay and Stern in 1929 (ii) confirmed the effect of dried egg 
white. It was in their paper that the first attempt was made to con- 
nect this factor with clinical conditions in the human. These workers 
pointed out what they believed to be a great similarity between the 
symptoms in the rat and those exhibited by children having Swift’s 
disease, known colloquially as ‘^pink disease.” There is also tucked 
away in this paper an observation which seems to have been over- 
looked by many subsequent investigators. They found that, if suck- 
ling mother rats were placed on the egg-white diet, the characteristic 
symptoms of egg-white injury were produced in the young. This 
was done under conditions in which the young did not eat the diet 
themselves. Although it is true that this could be interpreted on the 
basis that a highly toxic substance was excreted in the milk, it ap- 
peared more likely to Findlay and Stern that a vitamin-like sub- 
stance was lacking in the milk. They suggested that the egg-white 
injury symptoms were the result of the absence from the diet of 
vitamin-like substances different from those hitherto known. Boas 
and also Findlay and Stern were under the impression that to pro- 
duce the egg-white injury syndrome it was necessary to dry the egg 
white. It is perhaps because of this that there was so much discus- 
sion of the possible destruction of a vitamin in the egg white or the 
production of a toxic substance by the drying process. It was not 
until the work of Parsons and her group at the University of Wiscon- 
sin that it became clear that fresh egg white could likewise produce 
the symptoms. Salmon and Goodman (12), at about the same time, 
likewise demonstrated that fresh egg white was as effective as dried 
egg white in producing the harmful effects. 

The very thorough and extensive studies of Parsons and her as- 
sociates (13-24) greatly extended the knowledge of the egg-white 
injury factor and the distribution of the factor capable of combating 
it. She made a very extensive study of the occurrence of the protec- 
tive factor in a variety of foodstuffs. As early as 1934 Parsons dem- 
onstrated with Lease that the protective factor was efficacious when 
given parenterally as well as orally. She concluded that the inter- 
relationship was metabolic in nature between the egg-white toxic 
effect and the protective factor. In a series of experiments on the 
cause of the effect of egg-white feeding Parsons found that peptic 
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toxic effect. She also found that the toxicity followed the protein 
fraction when the egg white is completely precipitated with am- 
monium sulfate, but she found that the toxic substance was absent 
in purified egg albumin. A very significant finding made by Parsons 
was that the livers and kidneys of rats which had been kept on a diet 
high in egg white contained a decreased amount of protective factor. 
In addition she found that, when animals that had been subjected to 
the egg-white injury were put on a curative period of 25 days with 
protective substance in the diet, the amount of protective factor in 
the liver and kidneys was brought back to normal within error of 
measurement. 

The Wisconsin group also found that the characteristic dermatitis 
could be produced in the chick, in rabbits, and in monkeys by diets 
rich in egg white. In addition, Schultz (25) has produced the syn- 
drome in the dog. 

From a study of the content and behavior of the protective factor 
in the feces of rats on raw and cooked egg-white diets Parsons and 
her associates (24), early in 1940, suggested that raw egg white de- 
rives its essential capacity to produce a pathological condition from 
its ability to combine in the digestive tract with, and hold in an 
unabsorbable form, the protective factor. 

The most extensive studies of the chemical and physical properties 
of the curative factor of the egg-white injury were carried out by 
Dr. Paul Gyorgy (26-34). In his work with the egg-white injury 
Gyorgy became very much impressed with the similarity of symp- 
toms in the rat to certain clinical conditions in man. He regarded the 
lesions as unlike those in pellagra and acrodynia in man that others 
had likened them to, but as similar to the dermatitis of a seborrheid, 
desquamative type. Because of this similarity and because he sur- 
mised that one was dealing with an induced vitamin deficiency, 
which has since proved to be correct, Gyorgy took the step of calling 
it a vitamin in 1931. He selected the term ^'vitamin H,” the “H” 
derived from the German Haut, or skin, to indicate that it was a 
vitamin whose lack produced severe skin lesions. 

Gyorgy made the important observation that vitamin H could be 
extracted from liver only after vigorous hydrolysis and from yeast 
after autolysis, indicating that vitamin H was present, at least to a 



BIOTIN 


isi 

considerable extent, in these tissues in a combined form. When the 
vitamin H was freed, he found that it was easily dialyzable, indicat- 
ing that it was a relatively small molecule. In electrodialysis experi- 
ments he showed that vitamin H was acidic in character, with an 
isoelectric point between 3 and 3.5. 

From 1933 to 1938 Gybrgy carried on a tremendous number of 
experiments in attempting to isolate the vitamin and in studying the 
properties and distribution of the compound throughout nature. It 
was difficult, however, to obtain accurate data as to its chemical 
properties. He was able to work out a purification procedure by 
which he obtained consistently material from liver with a potency of 
20-40 units per milligram. In special experiments he obtained a 
preparation having a further four- or fivefold increased potency. 
Further attempts to purify these concentrates of vitamin H, how- 
ever, were to no avail. 

It was at this stage that we happened to come into this field. Dr. 
Gyorgy felt that he wanted the collaboration of a more strictly 
chemical group. He visited my laboratory in the spring of 1938, 
while I was at George Washington University Medical School, and 
graciously invited me to enter this field of work and attack the prob- 
lem, and he offered to carry on the difficult task of vitamin-H assay 
for the joint work. Thus began a very enjoyable collaboration which 
culminated in the recognition of the vitamin-H activity of biotin on 
the part of Melville, Burk, and myself at Cornell and of Gyorgy and 
Miss Rose at Western Reserve (3, 35, 36). 

We accepted Gyorgy’s invitation because we had been much in- 
trigued through the years -by the remarkable relationship of this 
unknown compound in counteracting egg-white injury, and started 
in with purification and inactivation and reactivation studies to get 
further information on the properties of the compound. 

Some of the data we obtained agreed with data in the literature, 
but in quite a number of instances it did not. There is no point, 
though, in going into this work on concentrates, since we now have 
the pure crystalline material available; and with the latter, one can 
obtain unequivocal results. I shall, therefore, pass over the work 
which- we did during the following year and a half. 

We thought, however, we were doing well when we raised the 
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potency up to as high as 500 units per milligram through an electro- 
phoretic approach. Our attack, however, changed suddenly, early in 
1940, with the realization of the possibility that the vitamin H we 
were working with was biotin, the yeast nutrilite, which had been 
isolated in 1936 by Kbgl. It is a coincidence that the suspicion that 
biotin might be vitamin H came at about the same time to both the 
group at Western Reserve and to the group at Cornell. 

At one of our conferences with Dr. Gyorgy on February 8, 1940, 
Gyorgy raised the question as to whether it were possible that vita- 
min H might be biotin. It so happened that, when the question was 
asked, I had lying before me on my desk a report by Dr. Melville of 
the preliminary results carried out by him the day before of actual 
experiments showing that some of our vitamin-H fractions were 
highly potent in biotin activity. I had asked Melville to write up the 
experiments, so that I could show them to Gyorgy in our conference. 
It is one of many coincidences that have occurred in the work on 
biotin and vitamin H and coenz3une R. 

Both groups were impressed with the observation of Williams that 
biotin appeared in a combined form in the liver (37). This fact was 
strikingly parallel to the fact that vitamin H likewise appeared in 
combined form. However, Gyorgy had found that autolysis of liver 
did not yield vitamin H, whereas Williams had found that autolysis 
of liver liberated biotin.* Only vigorous hydrolysis was found, by 
Gyorgy, to liberate vitamin H. Yet the fact that both were appar- 
ently found in the combined form in the tissue impressed us more 
than the conflict as to how they were liberated, and this was suf- 
ficient to give the necessary association of ideas, which in turn gave 
rise to the positive thought of possible identity. 

Before going into the proof of identity I cannot refrain from men- 
tioning another coincidence about which Dr. Gyorgy has told me* 
In the laboratory of the I. G. Farbenindustrie the very man who pre- 

‘ GySrgy in a recent personal conununication has suggested a posuble explanation of 
this apparent discrepancy. He suggests that, since autolyzed liver is liquefied and is 
exposed in Williams* growth test to yeast cells, the minute amount of free biotin 
present in the liver concentrate stimulates initial growth of yeast cells, which, in their 
turn by virtue of their enzymes, break down the biotin-protein compound remaining 
in. the concentrate and thus liberate all the biotin. He points out that the corresponding ' 
enzymes are not present in the intestine of the rat. 
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pared the vitamin-H concentrates from liver for Gyorgy, when he 
was working on the problem abroad some years ago, was the man 
who made the concentrates of biotin from eggs at the same time for 
Kogl. 

To come now to the question of identity, it became clear, from 
examining our own data and data in the literature, that there were a 
great number of parallelisms in the occurrence and distribution of 
vitamin H and biotin. The similarity in the solubility of the com- 
pounds, in the behavior toward various adsorbents, and in their sta- 
bility toward various reagents was marked. There were, however, 
some conflicting data — but none too serious or beyond explanation. 
Experiments have since afforded understanding of what were then 
apparently discrepancies. 

The obvious experiment, of course, was to test the vitamin-H 
preparations for biotin activity. Dr. Melville made these assays and 
found that our vitamin-H preparations were extremely potent in 
biotin activity, and we began to have hopes that finally we had run 
down vitamin H, on which we had been working for some two years. 

It so happened that, while this was going on, Dr. Burk was in my 
laboratory, working on tumor metabolism, while on leave from the 
National Cancer Institute. Just as soon as we had obtained these 
first indications of the possible identity of biotin with vitamin H, I 
told Dr. Burk of the results; and he immediately pointed out that, if 
our results indicated the identity of vitamin H with biotin, it also 
meant that vitamin H must also possess coenzyme-R activity. You 
will recall that Burk was the codiscoverer, with Allison and Hoover, 
of coenzyme R. I believe that it is also another rather unusual coin- 
cidence to have had in your laboratory the man who discovered coen- 
zyme R at a time when your work inchoated that vitamin H might be 
biotin, which in turn had been shown to be identical with coenzyme 
R. We therefore invited Burk to join us in our collaboration, and we 
set about to compare the coenzyme R, as well as the biotin, activities 
of some of our vitamin-H preparations. 

At this time we had just received from Dr. Gyoigy the vitamin-H 
assays of the concentration of vitamin H in a number of cells of an 
electrodialysis experiment which we had done on a liver preparation 
containing 20 units per milligram (a vitamin-H unit being the daily 



154 the biological ACTION OF THE VITAMINS 


dbse required for complete protection against egg-white injury). 
The apparatus consisted of 1 1 cells separated with cellophane mem- 
branes. The vitamin-H preparation was placed in cell III, the cath- 
ode cell being No. I. Distilled water was placed in the other cells. 
Electrodialysis was allowed to continue until the voltage (4,500 
down to 1,300) remained constant for 24 hours. The vitamin-H 
assays which we had just received from Dr. Gyorgy are shown in 
Table 2. 

The solutions from these cells were then assayed for biotin and 
coenzyme R. The biotin assays we ran were done essentially accord- 


TABLE 2 

Electrodialysis of Vitamin H 



Cell 

III 

IV 

V 

VI 

pH 

4 7 

3-4 

31 

30 

Solids mg/cc 

4.6 

2.7 

1.9 

1.2 

Vitamin H: 


i 



Units/mg 

6-8 

52 

215 

160-200 

Units/cc 

30-40 

140 

400 

200-250 

1 


ing to the method of Snell, Eakin, and Williams (37). We also sent 
samples of these fractions to Allison and Minor of the United States 
Department of Agriculture at Washington, who kindly ran coen- 
zyme-R assays, using Rhizobium trifolii. The results are shown in 
Table 3. They then sent us cultures of the organism, and we con- 
firmed these results in our own laboratory. 

The relative concentrations per milligram were remarkably the 
same in the different cells. This meant that vitamin-H, biotin, and 
coenzyitte-R activities had all migrated at about the same rate and 
had stopped at the same cell, thus giving us a very strong indication 
that the activities resided in a single component. These results were 
confirmed, and the comparisons extended to other electrodialysis 
samples. With these results and with other data from our own work 
and from those in the literature on their similarities in distribution 
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and in physical and chemical properties, we felt confident that vita- 
min H was truly biotin and felt justified in proposing in the literature 
the suggestion that they were either identical or closely related com- 
pounds (35). We pointed out at that time that, if the suggestion 
were substantiated that vitamin H was identical with biotin and 
coenzyme R, it would show that the two latter substances are sig- 
nificant in the vital economy of the mammal. Likewise, in view of 
the demonstrated role of coenzyme R in the respiration of Rhizobia, 

TABLE 3 

Comparison of Concentrations of Vitamin-H 
Biotin, and Coenzyme-R Activity 


Cell 



HI 

IV 

V 

VI 

Biotin* per cubic centimeter .... 

0.00025 

0 00005 

0.00002 


Coenzyme Rf per cubic centi- 





meter 

0.001 

0.00025 

0.0001 

0.00014 

Relative concentration per milli- 





gram: 





Vitamin H 

I 

7-4 

31 

26 

Biotin 

I 

8.5 

30 


Coenzyme R 

I 

6.8 

24 

26 


* Cubic centimeters rec^uired to produce half-maidmum growth increase {ca. 500 per cent increase over 
inoculum) of bakers’ yeast in 16 hours at 30° C. in 12 cc. of yeast>growth medium dencient in biotin. 

t Cubic centimeters required to produce half-maximum growth of Rhizohium trifolii strain 209 {ca. 800 
million cells per cubic centimeter) in 4 days at 28** C. in 25 cc. of synthetic sucrose-mineral-nitrate medium 
(inoculum negligible). 

it was likely that vitamin H acts in ways other than simply to pro- 
tect against egg-white injury, and that it might well function in in- 
termediate carbohydrate metabolism, as do various members of the 
so-called “vitamin B complex,” to which vitamin H, biotin, and 
coenzyme R might well belong. 

Conclusive proof of the identity of these principles had to await, 
however, the testing of the pure substances for their mutual activi- 
ties. Through the kindness of Professor F. K6gl a solution of 150 7 
of crystalline biotin methyl ester in ethyl alcohol was placed at our 
disposition for vitamin-H assay. We wish to acknowledge his gener- 
osity and co-operation. 
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In order to obtain some indication of the level at which the biotin 
methyl ester should be tested for vitamin-H activity by the rat assay 
method, the yeast-growth activity of this solution was compared 
with that of a solution of known vitamin-H activity. We found that 
biotin methyl ester produced a half-maximum growth increase at a 
concentration of i part in 4 X lo’. A vitamin-H preparation con- 
taining 34 units of vitamin-H activity per milligram produced the 
same yeast-growth effect at a concentration of i part in 1.36 X 10’. 
It could be predicted, therefore, that the biotin methyl ester would 
show an activity of approximately 10,000 units of vitamin H per 
milligram by the rat assay method if biotin and vitamin H were 
identical. 

Dr. Gybrgy and Miss Rose then ran the vitamin-H assays. Rats 
showing definite vitamin-H deficiency symptoms were used for assay 
of the solution of the crystalline biotin methyl ester at various levels 
above and below the amount indicated by the yeast assay. Sub- 
cutaneous administration of the biotin ester brought about complete 
cure of the skin manifestations and resumption of growth in these 
animals. The minimum effective dose, within the limits of assay er- 
ror, was found to be o. i 7 per rat per day for 30 days. In other words, 
o.i 7 of biotin could protect against egg-white injury — an amazing 
potency. This corresponds to an activity of 10,000 units of vitamin 
H per milligram for the methyl ester of biotin. You may recall that 
the most potent vitamin-H preparation hitherto reported possessed 
an activity of 215 units per milligram. 

Our vitamin-H solution was derived from liver, whereas Kogl had 
isolated his material from dried eggs. We felt that, to complete this 
proof of identity — to place it beyond any question whatsoever — ^we 
must isolate the compound from liver and see if it had the chemical 
properties reported for biotin by Kogl and Tbnnis. At this stage of 
the work Dr. Hofmann joined Dr. Melville and myself in this work, 
and I should like to pay tribute to the skill and ingenuity of Dr. 
Hofmann and Dr. Melville whiidi have made possible the advances 
we have made with the small amount of material available. 

The starting material supplied by Dr. Gyorgy for the isolation was 
a vitamin-H liver concentrate which had been prepared from the 
alcohol-insoluble fraction of beef liver which had been subjected to 
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high-pressure hydrolysis. The vitamin-H activity of the solution was 
25-35 units per milligram of solids and 1,000 units per cubic centi- 
meter. 

One of the final steps in the lengthy fractionation procedure used 
by Kogl and Tonnis was the conversion of biotin to a biologically 
active ‘^ester base” by esterification with acidic methanol. We there- 
fore decided to employ esterification of our crude preparation in 
order to obtain the active material in a form which would be soluble 
in organic solvents and which might lend itself to purification by 
chromatographic adsorption procedures. 

By adsorption of the crude ester from chloroform solution on 
aluminum oxide and by elution with acetone, the potency of the ma- 
terial was raised from 25-50 vitamin-H units per milligram to 
1,000-2,000 vitamin-H units per milligram, as shown by assay of the 
fractions by the yeast-growth method. A second adsorption on alu- 
minum oxide and elution yielded material of a potency of 3,000- 
6,000 vitamin-H units per milligram. From this fraction crystals of 
the free ester were obtained which melted from 1 54^ to 1 58° (36, 
38). By repeated crystallizations from a mixture of methanol and 
ether a product of constant melting-point and biological activity was 
obtained which melted sharply from 166° to 167® (micro-melting- 
point) . Sublimation in vactw, followed by crystallization from a mix- 
ture of methanol aifd ether, did not change the melting-point, crys- 
talline form, or biological activity. The substance crystallized, as 
shown in Figure i, in long, thin, platelike needles from the metha- 
nol-ether mixture. From a chloroform-petroleum-ether mixture it 
crystallized in needles, as described by Kogl and Tonnis. The bio- 
logical activity and melting-point of the pure biotin methyl ester 
were confirmed by several separate isolations. The compound was 
optically active. 

Expressed in terms of vitamin-H units, the various preparations of 
purified product that we have prepared have all consistently yielded, 
by the yeast-growth method, the high value of 27,000 (±to per 
cent) vitamin-H units per milligram. Direct vitamin-H assays by 
Dr. Gyorgy of the crystals, made on rats by the curative method, 
were in agreement with this high potency. 

The analytical values we obtained for the pure crystalline com- 
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pound agree most closely with the empirical formula of CuHi803NaS, 
Molecular weight determinations indicated that the empirical for- 
mula as derived from the analytical data on the basis of one sulfur 
atom in the molecule is unquestionably correct. Analyses of several 
crystalline derivatives and degradation products likewise support 
this formula. This formula is in agreement with that given by Kogl, 
although it should be pointed out that Kogl gave no analytical data. 



Fig. I. — Crystalline biotin methyl ester. Magnification isoX 


The melting-point for the preparation from which Kogl derived this 
formula was not given, so one must therefore assume that his pre- 
viously published melting-point of 148° still applies. It is to be noted 
that the melting-point of the pure biotin methyl ester obtained by 
us is higher than the value reported by Kogl and Tonnis, and no 
explanation for this is as yet apparent. The similarity, however, in 
solubility, in crystalline form, and in composition leads us to believe 
that the compound isolated by us from liver is identical with that 
isolated by Kogl and Tonnis from egg yolk. 

As we have stated, the solution of crystalline biotin methyl ester 
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supplied us by Kogl showed a potency of 10,000 vitamin-H units per 
milligram, as compared with the value of 27,000 vitamin-H units per 
milligram found for our preparations both by comparative assays for 
yeast growth and for anti-egg-white injury activities. However, we 
do not know the melting-point or purity of this particular prepara- 
tion of KbgFs. We therefore do not stress this difference in degree of 
potency. It is within the range of possibility that the Kdgl sample 
may have suffered loss of potency from the time it was made up until 
it was assayed here. In fact. Dr. Peterson has compared a solution of 
Kogl’s with one of ours and finds that both had the same potency per 
milligram. Direct comparison of the crystalline compounds is, of 
course, the only satisfactory comparison desirable, and we hope that 
future circumstances will permit such a comparison.® 

The free crystalline biotin is readily obtained by saponification of 
the ester with cold alkali (39). Upon acidification of the saponifica- 
tion mixture with HCl, free biotin separates in long thin needles, as 
shown in Figure 2. The biotin crystallizes out as the free acid even 
from strongly acid solutions. Biotin melts at from 230® to 232°, with 
decomposition, and is optically active ( + 92°) . The analytical figures 
point to a composition C10H16O3N2S, which is in good agreement with 
the composition of the monomethyl ester. In the yeast-growth assay 
the free biotin appears to have the same potency per mole as the 
ester. 

The titration curve run by Dr. Rachele of our laboratory re- 
sembles the titration curve of a simple monocarboxylic acid; the 
neutral equivalent of 244 obtained from the curve agrees with that 
expected for a monocarboxylic acid of the empirical formula given. 

With the crystalline material available it was possible to obtain 
preliminary information on the stability and behavior of the com- 
pound toward various reagents by inactivation and reactivation ex- 
periments, using small amounts of material. Dr. Brown collaborated 
in this phase of the work (40). The results of such inactivation ex- 

* K5gl and Pons have just reported (48) that they have succeeded in raising the 
melting-point of their biotin methyl ester from KogPs previously published value of 
148*’ to 161.5° and that some of the material distributed for biological work was only 
once-crystallized material^ owing to the preciousness of the material. The remaining 
small difference in the melting-points from the two laboratories may well be due to the 
methods employed in determining the micro-melting-points. 
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perments must, of course, be interpreted cautiously. When inacti- 
vation has been brought about, it is justifiable to assume that a 
change in the molecule has occurred; but, when no inactivation has 
taken place, the possible formation of an active derivative or deg- 
radation product cannot be excluded. I shall summarize the data 
which we have obtained in these inactivation experiments (Table 4). 



Fio. 2. — Crystalline free biotin. Magnification 150X 


The majority of these inactivation experiments done on the crystal- 
line material were carried out on i- or 2-cc. aliquots of a solution 
containing 12.5 7 of biotin per cubic centimeter. 

In a study of the effect of acid it was found that the use of 20 per 
cent HCl over fairly long periods of time was required to completely 
inactivate the samples. The action of alkali resulted in greater in- 
activation than corresponding strengths of acid. For example, 40-60 
per cent inactivation was brought about by the action of 1 N KOH 
at 120° for 17 hours. Longer periods of treatment or stronger con- 
centrations of alkali led to complete inactivation. Thus, in contrast 
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to other data in the literature, biotin does not appear to be quite as 
stable to acid and to alkali as had been assumed. 

Prolonged aeration of either an acid or an alkaline solution of 
biotin with air or O, had no appreciable effect, but the use of stronger 
oxidizing agents quickly destroyed the activity. For instance, treat- 
ment with 5 per cent HaOj completely destroyed the activity, as did 
the use of peroxide-containing ether. 

TABLE 4 


Effect of Reagents on Activity of Crystalline Biotin 


Reagents Used 

Inactiva- 

tion 

i 

Reagents Used 

Inactiva- 

tion 

Air or Oa 

S per cent HaOa 

+ 

(CHjC0),0-CH,C00H 
with Zn 


Ether peroxides 


CHa«C = 0 



Ha— Pd 


CfiHsCOCl— NaOH 



Ha— PtOa 



CfiHsCOCl— CiHjN 

— 

Na in liquid NH 3 



aHsNCO. 


Chloramine T 


NaOH 

4- 

Aqueous Bra 

-f 

KOH 

4- 

4* 

SOa 


KOCH; 

HCl in CH 3 OH 


Methylation 

CHaNa 



Benzylation 

__ 

HCl 

+ 

CHaO 

4 - 

HCl— HCOOH 

4- 

HONO 

+ 

H 3 SO 4 , concentrated 

Ninhydrin 


CH 3 COOH— HaS 04 



NHaOH 


CHjCOCl— NaOH 

— 

i>-NOaC 6 H 4 NHNHa 

— 

(CHjCOLO— NaOH 

— 

u. V. irradiated 

— 


The fact that biotin has been found by others to be inactivated by 
nitrous acid has led to the assumption on the part of some that 
biotin was very likely an a-amino acid. We confirmed the inactiva- 
tion with nitrous acid; and, in addition, we observed that biotin is 
rapidly and completely inactivated by chloram i ne T. We found, 
however, that ninhydrin has no effect whatsoever on the activity of 
the compound at various hydrogen-ion concentrations, and the ab- 
sence of any reaction with this reagent strongly indicated to us that 
biotin was not an a-amino acid. 

The action of ^-nitrophenylhydrazine in acidified alcohol and of 
hydroxyl amine in alkaline solution also failed to bring about in- 
activation, thus indicating the absence of an aldehyde or ketone. 
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In actually tackling the characterization of the functional groups 
by direct chemical means, we first directed our attention toward the 
nitrogen and oxygen. Two of the three oxygens, of course, had been 
accounted for by the carboxyl group, leaving one oxygen to be ac- 
counted for. Possibility after possibility of what the nitrogen might 
be was eliminated, such as various ring forms, etc. There is no point, 
however, to going into the many negative experiments in this direc- 
tion. It became very puzzling as to what the nature of the nitrogen 
might be. However, the break came when a cleavage product was 
obtained after treatment of the biotin with strong barium hydroxide 
for 20 hours at 140°. This treatment brought about the formation of 
a new compound which could be isolated in excellent yield. The 
analyses of the free compound led to the empirical formula 
CgHisOaNaS. It was clear that the split product had lost only one 
carbon and one oxygen and had acquired two hydrogens. Micro- 
Van Slyke analyses indicated the presence of two primary amino 
groups in the molecule, whereas none was indicated in the biotin by 
nitrous acid treatment. On benzoylation by the Schotten-Baumann 
method, an alkali-soluble dibenzoyl derivative (melting-point, 182®- 
183'^) was formed. The new compound contained, therefore, two pri- 
mary amino groups and a carboxyl group. I will refer to it as the 
‘‘diaminocarboxylic acid.” 

The most logical interpretation we can place on the formation of a 
diaminocarboxylic acid with the loss of one carbon atom and one 
oxygen atom from biotin is the cleavage of a cyclic urea derivative. 
The conversion of the biotin to the basic diaminocarboxylic acid fits 
in with the interpretation offered. The inactivation of biotin by 
nitrous acid, in spite of no liberation of nitrogen gas, may possibly be 
due to the formation of a nitroso derivative, a property of urea 
derivatives. The hydrolytic cleavage of biotin may be written as 
follows (41): 

DEGRADATION OF BIOTIN TO DIAMINOCARBOXYLIC ACID 


'-COOH 


-COOH 


-COOH 

<^-NH — 


-NH, 


-NH, +C 0 

)co 


.-NH 


-NH-COOH. 


-NH, 
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It will be noted that the urea structure and the carboxyl group 
account for all of the oxygen and the nitrogen, leaving the sulfur to 
be accounted for. Again many possibilities were eliminated, and we 
suspected that the sulfur was present as a thio ether. Positive evi- 
dence was aifforded by the effect of H2O2 on the compound. 

It had been observed by us that biotin is extremely sensitive to 
peroxides. Accordingly, pure biotin was treated with excess hydro- 
gen peroxide. From the reaction mixture it was possible to isolate a 
crystalline oxidation product in 90 per cent yield. The analyses of 
the pure compound point to the composition C10H16OSN2S, in which 
two atoms of oxygen have been added to the biotin molecule without 
loss of carbon or hydrogen. The presence of a carboxyl group in the 
compound was shown by the formation of a methyl ester on treat- 
ment with diazomethane. 

The addition of two oxygen atoms to the molecule without loss of 
carbon or hydrogen, along with evidence eliminating various other 
possibilities, pointed to an oxidation by the peroxide treatment of a 
thio ether to the corresponding sulfone. 

It is obvious that, if biotin is a urea derivative and if the barium 
hydroxide treatment yields a diaminocarboxylic acid, then we should 
be able to resynthesize biotin from the diaminocarboxylic acid by 
closing the ring again through urea formation. This we have been 
able to accomplish by treatment of the diaminocarboxylic acid with 
phosgene, as shown by the following equation. 


RESYNTHESIS OF BIOTIN FROM A DEGRADATION PRODUCT 
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Biotin 


By this reaction biotin of the same melting-point and crystalline 
form was obtained (42). A mixed melting-point of the synthetically 
prepared biotin with the isolated natural biotin showed no depres- 
sion of the melting-point. Conversion to the ester and the compari- 
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son of its properties with biotin methyl ester confirmed the identity. 
The synthetic compound showed the same specific rotation as nat- 
ural biotin. Furthermore, assay of the synthetic compound showed 
it to have the same yeast-growth activity as the naturally occurring 
biotin. I believe this evidence proves, beyond a shadow of doubt, the 
urea structure for biotin. Furthermore, it demonstrates that no race- 
mization occurred during the Ba(Olf)* treatment. 

Through this work we therefore arrived at what we feel convinced 
are the functional groups of biotin.^ That biotin should be a urea 
derivative particularly intrigued us. It has no doubt occurred to 
many as you have listened to this discussion that when I mentioned 
that biotin is a urea derivative you immediately thought of the pos- 
sible connection of this fact with the combination of biotin with 
avidin, thinking of the effect of urea on proteins. I have already 
given you the history of the development of the egg-white injury 
factor and the protective factor. When the latter was shown by our 
work with Gyorgy to be biotin, Williams, who had been interested in 
biotin, immediately saw that, if vitamin H and biotin were one and 
the same compound, as we claimed, then, just as the egg-white in- 
jury factor would produce a vitamin-H deficiency, the addition of 
egg white to the media used for the growth of yeast should produce a 
deficiency of biotin, with the resultant lack of growth on the part of 
the yeast. Such proved to be the case. In fact, Williams produced 
evidence that the egg-white injury factor united with biotin in a 
fairly stable combination — ^broken, however, by hydrolysis. 

It was therefore reasonable to assume that this was the explana- 
tion of the syndrome produced in animals by feeding egg white, that 
the egg-white injury factor united with the vitamin H in the in- 
testinal tract and the combined vitamin H was carried out of the 
body by way of the feces, thereby producing a vitamin-H or biotin 
. deficiency. Williams and co-workers (43) assayed the feces and 
tissues for biotin and vitanxin H after the feeding of egg white and 
found that the combined biotin was increased in the feces while the 
biotin content of the tissues was decreased. In a collaborative study 
with Gybrgy this hypothesis was tested by vitamin-H studies on the 

> In two papers just come to hand, Kdgl and co-workers arrive at the same Con- 
cludons wiUi regard to the nature of the functional groups (48, 49). 
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rat (44). The results of the study appear to have substantiated it. 
Williams named the egg-white injury factor “avidin,” to indicate its 
avidity for vitamin H or biotin, and set about to purify it. He has 
obtained the avidin in crystalline form, as he has announced at this 
symposium. It appears to be a protein. 

It is, of course, an intriguing question as to why biotin is capable 
of forming such a union with avidin, the egg-white injury factor. 
The finding that biotin is a cyclic urea derivative tempts one to 
think that this might be the grouping that confers on biotin this 
peculiar behavior. It is at least an intriguing hypothesis which we 
have been putting to the experimental test. 

Dr. Gybrgy has just informed me of a very interesting experiment 
he has recently performed, and that is, that avidin is not effective 
when given parenterally. In fact, from his data one would conclude 
that the administration of the avidin-biotin combination is broken 
up when the combined material is administered to the body by injec- 
tion and that biotin that was utilized with the avidin is free, so that 
one can actually cure the syndrome in the rat by biotin combined 
with the avidin. It would appear, therefore, that the syndrome in 
the rat produced by egg white is an induced biotin deficiency. So far 
the syndrome in rats is not produced by a diet deficient in biotin, 
that is, by a natural or synthetic diet in which avidin has not been 
given. We have fed diets very low in biotin and, in fact, carried them 
into the third generation on a diet lower in biotin than any hitherto 
fed. We are going ahead with this, attempting to get a diet ab- 
solutely free of biotin. However, it may be difficult to produce a 
biotin deficiency in the rat because of the synthesis of biotin by the 
intestinal flora. A true biotin deficiency, however, has been produced 
4 n the chick without the aid of avidin. This has been accomplished 
by Ansbacher and Tandy (45) with the heat-treated diet and by 
Elvehjem (46) with a nontreated diet. It would seem that the chick 
requires much larger amounts of biotin than the rat, and one is able 
therefore to produce a biotin deficiency by a bjotin-low diet. That 
the symptoms produced on the diet were truly a result of a biotin 
deficiency was demonstrated by the administration of crystalline 
biotin, which we were happy to be able to furnish these workers. 

I mentioned earlier in the presentation the work of McHenry on 



i66 THE BIOLOGICAL ACTION OF THE VITAMINS 

fatty infiltration in the rat. McHenry has recently Reported that he 
had reason to believe that, when biotin was fed in fairly large 
amounts to rats on a low fat diet, the fatty infiltration of the liver 
occurred. This was done with concentrates of biotin. In recent work 
McHenry has confirmed this^ with crystalline biotin, which we were 
glad to place at his disposal for the work. He has found that the 
administration of s 7 of biotin per day for i week increased the fat 
content of the liver over the controls. This discovery of McHenry’s 
may lead to some elucidation of the role of biotin in the body. 

We have followed up with Dr. Burk and Dr. Winzler the earlier 
work of Allison, Hoover, and Burk in 1933, in which it was shown 
that coenzyme R markedly increases the rate of oxygen consumption 
by the legume-nodule organism Rhizohium. Working with yeast, we 
find, as reported at the meetings of the Federation of American 
Societies for Experimental Biology earlier this year (47), that biotin 
increases the fermentation of yeast even more markedly than its 
respiration, and respiration even more immediately than yeast 
growth. The profound role of biotin as a cs^talyst in intermediary 
metabolism is definitely established. Yeast grown at low biotin levels 
possesses respiration and fermentation rates some twentieth of the 
normal rate. Addition of biotin to this yeast increases both anaerobic 
and aerobic fermentation rates perceptibly after but a few minutes, 
and manifold over a period of hours. Corresponding respiration rate 
increases commence after about one hour, and growth or turbidity 
increases after some two hours. For these metabolic increases to oc- 
cur, readily available nitrogen is necessary. For this purpose am- 
monia is best, and it is absorbed by the yeast only when biotin is 
present. We have also been studying for the past year and a half, in 
collaboration with Dr. Burk in our laboratory and Dr. C. P. Rhoads # 
and Charles Kensler at Memorial Hospital, the influence of biotin 
and of avidin-containing diets on butter-yellow tumor formation. * 

There are still other biological aspects that I should like to con- 
sider in this discussion ; yet the field of biotin research is so new in its 
application to animal metabolism that we might more profitably 

^ Personal communication. 

s The discussion which was given of this phase of the work has appeared elsewhere 

(so)- 
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await more concrete data. I am also sorry to have to forego any at- 
tempt at reviewing the considerable work that has been done on 
bacterial metabolism and biotin. 
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C HOLINE was recognized as a component of the sinapin of 
mustard seed by von Babo and Hirschbrunn in 1852 and as 
a component of the lecithin of ox bile by Strecker in 1862. 
The constant occurrence of this base in two phospholipids has been 
adequately confirmed since the demonstration of the structure of 
lecithin by Diacanow in 1867 and by Strecker in 1868 and since the 
original observations on sphingomyelin by Thudichum in 1884. Al- 
though the wide distribution of lecithins and sphingomyelins in ani- 
mal cells early indicated the biochemical importance of choline, its 
nutritional significance was not disclosed until after the discovery of 
insulin by Banting and Best in 1922. Subsequent investigations by 
Allan, Bowie, Macleod, and Robinson (i), by Hershey (2), and by 
Best and Hershey (3) of the metabolism of depancreatized dogs sup- 
plied with insulin paved the way for the demonstration that the 
lipotropic activity of dietary lecithin depended upon the choline 
moiety. In 1932 Best and Huntsman (4) reported the occurrence of 
fatty livers in rats fed a high-fat, low-choline ration and the preven- 
tion of the deposition of this excess liver lipid by dietary supplements 
of choline. These experiments initiated a detailed study of the rela- 
tion of this substance to the metabolism and distribution of lipids in 
the animal body, a study which has continued to engage the atten- 
tion of Best and his associates. 

Investigations at Toronto and in many other laboratories during 
the last nine years have brought to light a surprising number of rela- 
tionships of choline to metabolism in general and to certain metabo- 
lites in particular and have emphasized the dietary indispensability 
of this substance or of its precursors not only for the maintenance of 
the integrity of tissues but even for survival. Although the present 
discussion must be limited to a small portion of the very interesting 
and significant data recorded in the following researches, their enu- 



170 THE BIOLOGICAL ACTION OF THE VITAMINS 


meration will serve to indicate the varied nature of the manifesta- 
tions of choline deficiency and the importance of this substance in 
the animal organism. 

Following the original studies on depancreatized dogs, Chaikoff 
(5) showed that choline prevents fatty livers in animals in which the 
pancreatic duct had been ligated, as well as in depancreatized dogs. 
Schaefer, McKibben, and Elvehjem (6) reported severe anorexia and 
growth failure in puppies on a low-choline diet. Davis (7) noted that 
choline depresses the p)olycythemia induced by cobalt. Abbott and 
De Masters (8) found that choline is essential for normal nutrition 
and for egg production in chickens. Jukes (9, 10) observed that cho- 
line is necessary for the growth of chicks and young turkeys and that, 
with manganese, it prevents perosis, or ‘‘slipped tendon disease,” in 
these birds. Best (4) showed, as noted previously, that marked depo- 
sition of liver fat occurs on low-choline diets. Griffith (ii) found 
that, if young rats are used, a severe pathological state results which 
is characterized by renal hemorrhagic degeneration, as well as by the 
deposition of liver fat. Sure (12) reported tjiat choline is required for 
normal lactation and for the normal nutrition of newborn rats. 
Sharpless (13) noted that choline prevents papillomatous lesions in 
the forestomach of rats on a diet containing 89 per cent white flour. 
Chaikoff (14), utilizing the administration of radioactive phosphorus 
(P^*), observed that choline accelerates the formation and removal of 
phospholipids in rat livers. Blumberg and McCollum (15) observed 
that cirrhosis of the liver results from the prolonged feeding of a low- 
choline diet. Gyorgy, Poling, and Goldblatt (16) noted that supple- 
ments of choline and cystine afford definite but not regular protec- 
tion against liver necrosis, cirrhosis, and cancer resulting from the 
addition of dimethylaminoazobenzene (butter yellow) to the diet. 
Du Vigneaud (17) found that choline supplies a methyl group which 
permits the in vivo formation of methionine from homocysteine. As 
a result of this and subsequent observations, Du Vigneaud has em- 
phasized the importance of transmethylation and of dietary sources 
of utilizable methyl groupys. 

Choline is characterized by the presence of a trimethyl quaternary 
nitrogen. It is, therefore, strongly basic and decomposes in alkaline 
solution with the liberation of trimethylamine. It is freely soluble in 
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water and alcohol and insoluble in ether and chloroform. It forms 
relatively stable salts with acids and is available in the form of the 
synthetic choline chloride. Derivatives useful in its isolation and de- 
termination include, among many others, the chloroplatinate, the 
chloroaurate, the enneaiodide, and the reineckate. The latter two 
have been particularly useful in quantitative procedures. Hunt (18) 
in 1 91 s showed that choline could be determined biologically by con- 
version to acetylcholine and measurement of its depressor action. 

Choline occurs in nature largely as a constituent of phospholipids. 
Many estimations of free choline in plant and animal tissues are 
recorded in the literature, but it is questionable whether the reported 
values actually represent free choline, in view of the wide distribu- 
tion of the choline phospholipids and in view of the possibility of the 
autolytic liberation of free choline. The latter process is well illus- 
trated in the experiments of Johnston, Irvin, and Walton (19), who 
found that the free choline of bile increased rapidly on standing, 
even though the bile was preserved in an icebox with toluene and 
chloroform. According to the analyses of Jacobi, Baumann, and 
Meek (20), the total choline in rat tissues amounts to about i mg. 
per gram of body weight. 

Procedures have been developed in several laboratories (21, 22, 
23) for the determination of the phospholipid partition in blood and 
in other tissues, and doubtless more exact information regarding the 
distribution of the choline phospholipids, especially sphingomyelin, 
will be forthcoming. A water-soluble compound which appears to be 
the choline ester of sphingosine phosphoric acid has been isolated 
from tissues by Booth (24) and by King and Small (25), and 
phosphocholine was detected in liver by Inukai and Nakahara (26). 
The only choline derivative which has been isolated from animal tis- 
sues and which is not known to occur as a part of a choline phospho- 
lipid is acetylcholine, a most interesting compound which may be 
extremely important in myoneural physiology (27, 28) . Woolley and 
Peterson (29) have isolated the anhydride of the sulfuric acid ester 
of choline from mold tissue. 

Little is known of the metabolic function of sphingomyelins apid of 
the base sphingosine. The investigations by Thannhauser and 
Reichel (30) of the structure of this choline phospholipid and of the 



172 THE BIOLOGICAL ACTION OF THE VITAMINS 


possible occurrence of “sphingosine fats” are therefore of unusual 
interest. In this connection the isolation of the choline ester of 
sphingosine phosphoric acid may be extremely significant. It is not 
possible to state whether this compound exists as such in tissues or 
whether it is formed from sphingomyelin as an autolytic product. 
If the latter is the case, then the occurrence of a readily hydrolyzable 
sphingomyelin in tissues and its presence in significant amounts in 
plasma suggest that this choline phospholipid may participate ac- 
tively in metabolism. No information is available regarding the pre- 
cursors or dietary importance of sphingosine. The choline ester of 
sphingosine phosphoric acid resembles, in some respects, a mononu- 
cleotide; and it would indeed be interesting if this molecule were 
found to serve as a coenzyme in some enz3nnatic system. 

The results of a dietary deficiency of choline in young rats will be 
discussed in detail because these experimental animals show, for the 
most part, the same effects as those previously noted in adult rats, 
and show, in addition, marked degenerative changes which have not 
been observed in the older animals. Young male rats, 21-26 days of 
age and 38-42 gm. in weight, develop moderately severe hemor- 
rhagic degeneration on the following low-choline food mixture: 
casein 18 per cent, lard 19 per cent, sucrose 49 per cent, salt mixture 
4 per cent (31), calcium carbonate i per cent, agar 2 per cent, dried 
brewers’ yeast 6 per cent, and fortified fish-liver oil i per cent. As 
will be discussed later, this ration is a suboptimal source of cystine, 
and optimum supplements of cystine aggravate the effects of the 
deficiency of choline. The cystine-supplemented diet plus choline is 
an adequate food mixture for short experimental periods, permitting 
an average gain in weight of 3-4 gm. daily for at least a 30-day 
period. The level of dietary fat is relatively unimportant (32), and 
the carbohydrate may be sucrose or glucose or certain preparations 
of starch. Some brands of starch, however, are highly protective 
(33). The severity of the deficiency is markedly increased by de- 
creasing the methionine content of the diet through use of other 
proteins than casein, which is high in methionine. In young rats on 
the above food mixture the deposition of liver fat and the severity of 
renal lesions are unaffected by dietary supplements of mangahese, 
thiamine, riboflavin, pyridoxine, pantothenic acid, ascorbic acid. 
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vitamin K, so-called ‘‘vitamin P” or citrin, biotin, inositol, or an 
aqueous extract of beef liver (33, 34). 

The feeding of the cystine-supplemented diet results in a spectacu- 
lar series of events which reach a crisis within 6-8 days (35, 36). 
This critical period may terminate with the death of the rat, or it 
may be followed by a rapid, partial recovery which permits survival. 
Recovery and survival on the same diet that produces severe de- 
generation of tissues are highly interesting and, as yet, unexplained 
phenomena. A marked increase in liver fat occurs within 48 hours, 
and it is thus evident that young rats have no available re.serve of 
choline for use in lipid metabolism. The accumulation of liver lipids 
is maximal after 4-6 days, and during this interval there is no inter- 
ference with appetite or with growth. The largest concentration of 
liver fat, 25-30 per cent of the liver weight, is uniformly found in the 
most rapidly growing animals; i.e., in those fed otherwise adequate 
diets and containing just enough choline to prevent tissue degenera- 
tion. 

Renal degeneration occurs between the sixth and eighth days; the 
animal becomes noticeably sick, and there is a marked elevation of 
the nonprotein nitrogen of the blood. The renal lesion develops over 
a 24-48-liour period and is characterized by an increase in size and 
weight and by hemorrhagic discoloration of the kidneys. Severely 
affected rats show an extensive regression of the thymus, and ocular 
hemorrhage is frequently observed. Neither thymectomy nor 
adrenalectomy influences the result of the choline deficiency (33). 
Proteinuria, but not hematuria, occurs. A temporary failure of renal 
function is indicated by a diminished rate of excretion of phenol red 
and of inulin during this acute stage (33). Recovery is noteworthy 
because of the rapidity with which renal function improves. This 
repair process is also evident in the gross appearance of the kidneys, 
which at the end of a lo-day period (4 days after the onset of the 
hemorrhagic degeneration) show little or no sign of hemorrhage. 
These “recovery” kidneys are enlarged and pale brown in color and 
are frequently rough and scarred with a white incrustation, the so- 
called “frosted” kidney. The subsequent history of surviving ani- 
mals is variable, although evidence is at hand that the renal damage 
may persist for months and involve the glomeruli as well as th^ 
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tubules. Whatever the explanation of the recovery process may be, 
it certainly does not represent the sudden beginning of an unlimited 
synthesis of choline, because the liver remains fatty throughout the 
recovery period. 

The acute lesion has been studied by Christensen (37) and by 
Gyorgy and Goldblatt (38) and may be described as follows; The 
principal changes in the kidney are vascular congestion and tubular 
degeneration. The enlarged and deep-red appearance is caused pri- 
marily by the congestion of the peripheral cortical capillaries and the 
. capsular blood vessels. Evidence of hemorrhage, if present, is found 
only in the capsule and at the edge of the cortex. Blood in the outer- 
most part of the cortex may come from ruptured blood vessels of the 
capsule. Glomerular and other renal blood vessels usually appear 
normal, but in severely affected animals glomeruli in the peripheral 
cortex are also congested. Tubules in the deep part of the cortex and 
in the outer part of the medulla are always filled with casts and are 
markedly necrotic. 

The effects of choline deficiency are exaggerated by the feeding of 
a diet low in methionine as well as in choline. As a result of the use of 
the low-methionine protein, arachin, Engel and Salmon (39) were 
able to demonstrate hemorrhage in the adrenals, lungs, and myocar- 
dium, as well as in the eyes and kidneys. The severity of the degen- 
erative state in these young rats is indicated by the fact that no 
animals at all survived. It may be of significance in this connection 
that Weichselbaum (40) has noted a rapidly occurring and fatal 
hepatic hemorrhage in rats on a diet devoid of both cystine and 
methionine. 

The prevention of all of the effects of choline deficiency listed 
above is accomplished by dietary supplements of choline chloride, 
the fatty liver being abolished by 4-6 mg. and the renal lesions by 
1-2 mg. daily. The weight of the kidneys during the acute degener- 
ative phase is an accurate measure of the extent of the renal damage 
and of the absence of choline and of its precursors. The weight of the 
liver, and especially the weight of liver fat, is a reliable index of the 
extent of the choline deficiency only if sufficient choline is present to 
prevent severe renal lesions. The severely affected rats consume lit- 
tle or no food during the period of hemorrhagic degeneration, so that 
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the weights of the liver and of liver fat are extremely variable in 
these poorly nourished animals (41, 42). 

The problem of the occurrence of a fatty liver in rats on a low- 
choline diet has been complicated, first, by the observation of 
Beeston and Channon (43) that a supplement of cystine in a low- 
protein-low-choline diet increases the deposition of liver fat and the 
need of choline; and, second, by the observation of Tucker and 
Eckstein (44) that a supplement of methionine decreases the deposi- 
tion of liver fat and the need of choline. Thus, the two sulfur amino 
acids appear to act in direct opposition to each other. 

An explanation of the lipotropic action of methionine and of 
betaine is provided by the investigations of Du Vigneaud and his 
associates (17, 45, 46, 47). These workers have concluded that trans- 
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methylation is an important metabolic function which is concerned 
with the shifting of certain specific methyl groups, as such^ from one 
metabolite to another and that normal transmethylation is depend- 
ent upon a dietary supply of compounds containing these utilizable 
or labile methyls. These workers have been able to demonstrate, 
first, that supplements of choline or betaine in a diet which contains 
homocystine but which is devoid of methionine and cystine stimu- 
lates the growth of young rats, owing to the formation of needed 
methionine from homocysteine and a methyl group supplied by the 
choline or betaine; second, that isotopic hydrogen administered to 
rats in the methyl group of methionine could be isolated later in 
tissue choline and creatine; and, third, that the methyl groups of 
creatine and of sarcosine are not labile, since neither compound per- 
mits growth if added to the methyl-deficient diet containing homo- 
cystine. The labile methyl group supply Wliich occurs in foods and 
in tissues includes at least the three substances: choline, methionine. 
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and betaine (Fig. i). The possible methylation of ethanolamine, in- 
dicated in Figure i, will be discussed later. 

The opposite effect of the second sulfur-containing amino acid, 
cystine, has been interpreted by others as demonstration of a direct 
and antagonistic relationship between cystine and choline, with pos- 
sibly the formation of a cystine-choline complex. However, Griffith 
(48) has proposed that the cystine effect is not directly related to the 
metabolism of choline but is due to a stimulation of metabolism 
which is the result of a supplement of cystine in a cystine-deficient 
diet. The basis for this conclusion is, first, that the effect of cystine 
on the requirement for choline is not proportional to the cystine 
added to the diet, a result also reported by Channon (49) ; second, 
that the 18 per cent casein diet which was employed is actually a 
suboptimal source of cystine and that supplemental cystine improves 
the nutritional level ; and, third, that the requirement of choline is 
markedly influenced by the nutritional level. Young rats require a 
source of labile methyl groups, such as choline, and, in addition, a 
source of methionine and cystine supplying , about 0.19 per cent of 
dietary sulfur (36). An 18 per cent casein diet supplies only 0.14 per 
cent, and a supplement of 0.05 per cent of extra sulfur as cystine 
results in longer and heavier animals, and the gains in weight and 
length are possible with little or no increase in the food consumption. 
This difference in efficiency of utilization of food is most pronounced 
during a 20-day period; i.e., in rats 25-45 days of age — vindicating a 
greater need of cystine during this part of the growth period. The 
extra supplement of sulfur is apparently used as cystine, but it may 
be supplied as methionine. It is pertinent that 24-26 per cent of 
casein, rather than 18 p)er cent, is required to supply an adequate 
level of sulfur amino acids in an unsupplemented diet. The cystine 
supplement in an 18 per cent casein diet, which produces the maxi- 
mum stimulation of growth and increase in efficiency of utilization of 
food, is approximately the same as the supplement which results in 
the greatest deposition of excess liver fat. For instance, in a basal 
diet containing a partly protective level of choline (0.5 mg. of choline 
chloride per gram of f<^d), supplements of 0.05 and o.i per cent 
of cystine increase the liver fat, but the effect of i or 2 per cent of 
cystine is no greater than that of o.i per cent. These observations. 
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together with the demonstration that increases in the caloric intake 
also increase the need of choline, point to the conclusion that the 
apparent direct antagonism of cystine and choline is really the mani- 
festation of a greater need of choline at the higher nutritional level 
resulting from an adequate supply of cystine. It would be of interest 
to know the number of other dietary essentials, the requirement of 
which is modified, as is that of choline, by the use of a diet adequate 
in the very important sulfur amino acids. It is suggested that due 
consideration be given the character of a food mixture before it is 
concluded that an effect of a cystine supplement is directly related 
to the cystine rather than to a stimulation of metabolism, which in 
turn brings to light previously unrecognized deficiencies. 

The feeding of high-casein diets for the purpose of determining the 
level of casein and of methionine which would obviate the necessity 
of a choline supplement dfemonstrated that 30 per cent of casein was 
required (36). These experiments also led to the conclusion that 
methionine, which is used as a source of labile methyl groups and of 
the by-product homocysteine, is not also available as a source of 
cystine sulfur. This result supports the suggestion by Toennies (50) 
that homocysteine may not be used as a precursor of cysteine unless 
sufficient labile methyl groups are supplied to permit the conversion 
of homocysteine into methionine. The observation by Singal and 
Eckstein (51) and by Griffith and Mulford (42) that supplemental 
homocystine in low-choline diets increases the requirement of 
choline, as does cystine, does not mean necessarily that homocysteine 
is converted directly into cystine but may only signify that homo- 
cysteine is using part of the already inadequate labile methyl group 
supply in the formation of methionine. 

The lipotropic action of methionine has been demonstrated by 
Eckstein (44) and confirmed by Channon (52) and by Best (53). 
Methionine also protects young rats against hemorrhagic degenera- 
tion (41), and its methyl group appears to be completely available 
for the function of transmethylation if the utilization of choline is 
taken as the standard (42). Betaine was shown in the original ex- 
periments by Best and Huntsman (4) to possess choline-like activity. 
This has been confirmed by Welch (54), by Platt (55), and by Du Vig- 
neaud (56). Where comparisons were possible, there has been agree- 
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ment on the point that betaine is less active than choline; Platt re- 
ported its activity to be 30 per cent of that of choline. Griffith and 
Mulford (33, 42) obtained a similar result and suggested that only 
one of the three methyl groups of betaine is labile. The basis for this 
conclusion is the fact that 3.56 mg. of betaine hydrochloride are re- 
quired to equal the effect of i mg. of choline chloride. The molecular 
weight ratio of these two compounds is i.i : i.o, so that i.i mg. of 
betaine hydrochloride should have the same lipotropic action as i 
mg. of choline chloride if the three betaine methyl groups are used as 
efficiently as the three methyl groups of choline. The results of the 
comparison of the betaine activity with that of choline as a standard 
correspond to the 96 per cent utilization of one methyl group or to 
the 32 per cent utilization of three methyl groups. The latter view is 
not acceptable because, in such a case, greater variations than those 
observed would have resulted from changes in the level of the 
betaine supplement. 

Additional support for this difference between the betaine methyl 
groups is supplied by the results of using sarcosine as a possible 
source of labile methyl groups. Sarcosine, which may be considered a 
product obtained by the removal of two of the three betaine methyl 
groups, is demethylated in the animal organism and is believed to be 
rapidly changed to glycine. Gordon and Jackson (57) reported that 
sarcosine increased the rate of detoxication of benzoate to hippurate 
in rats, and Abbott and Lewis (58) made similar observations in the 
rabbit. Bloch and Schoenheimer (59) administered betaine contain- 
ing isotopic nitrogen to rats and concluded that a direct and rapid 
conversion to glycine had occurred. Handler, Bernheim, and Klein 
(60) noted that betaine was broken down by liver tissue to glycine 
and formaldehyde. However, the demethylation of sarcosine does 
not give rise to a labile methyl because Du Vigneaud found that 
sarcosine does not permit the in vivo formation of methionine from 
homocysteine (46), and Griffith and Mulford were unable to demon- 
strate that this iV’-methyl derivative possesses protective action 
against the labile methyl groups deficiency which characterizes hem- 
orrhagic degeneration in young rats (33). It seems definite that the 
word ‘^demethylation’’ must be used with due regard for the mecha- 
nism involved. Betaine is demethylated, the methyl group serving 
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as a labile methyl group. Sarcosine is also demethylated, but the 
mechanism is such that the methyl group loses its identity — ^prob- 
ably because of oxidation. 

The question then arises: ^ Which methyl groups are potentially 
labile?’’ From the results with glycine betaine it might be supposed 
that any other betaine should also yield at least one methyl group to 
the labile methyl group supply. This is not the case. Best (61) and 
Du Vigneaud (17) reported that ergothioneine is not lipotropic in 
older rats; and Carter (62) found similar negative results with the 
betaines of serine, threonine, and alio threonine. We have tested the 
betaines of serine and allothreonine and also the iV^-methyl deriva- 
tives of d/-valine and ^/-leucine (all four generously given to us by 
Dr. Carter) and find that none of these protects against hemorrhagic 
degeneration in young rats. However, a number of compounds, other 
than methionine and betaine, have been reported to have lipotropic 
activity. Channon has shown that homocholine is even more active 
than choline (63) and that the ethyl derivative, triethyl-jS-hydroxy- 
ethylammonium hydroxide, is about two-thirds as lipotropic as 
choline (64). Singal and Eckstein (51) have added the sulfoxide of 
methionine to this list, but Channon (65) has reported that 5 -methyl 
cysteine is without lipotropic effect. Alanine betaine was found ac- 
tive by Welch and Welch (54) ; and cystine betaine, 5 -ethylcysteine, 
and dithiodiglycollic acid by Singal and Eckstein (51). It is difficult, 
at present, to explain the presence of some of these compounds in the 
list of lipotropic substances. Possibly their effects depend upon 
physiological properties only indirectly related to choline metabo- 
lism. Possibly, also, the explanation lies in the fact that the forma- 
tion of choline from any part of a precursor involves not only the 
labile methyl but also the unknown molecule to which the methyl is 
transferred. Little information is available as yet regarding the iden- 
tity and dietary indispensability of this methyl acceptor. If a diet 
contains suboptimal levels of both labile methyl and the compound 
which is to be methylated, then provision of these precursors should 
result in lipotropic benefit. It is to be hoped that the availability of 
these lipotropic compounds as sources of labile methyl may also be 
determined in the young rat. This animal is so sensitive to a lack of 
labile methyl that its deficiency may be demonstrated on diets which 
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are more nearly adequate in other respects, particularly with regard 
to the dietary protein, than those commonly used in fatty liver 
experiments. 

The substance to which methyl is transferred in the synthesis of 
choline was referred to above as an “unknown substance.” In this 
connection one thinks immediately of ethanolamine, the base of 
cephalin. Neither Best (4) nor Platt (55) nor Griffith (33) has found 
ethanolamine to be lipotropic. This is not unexpected, because the 
compound could not be methylated if the diet is low in labile methyl. 
W6 have fed moderately protective levels of betaine with ethanola- 
mine and have found no more protection than that afforded by the 
betaine alone, so that it is evident that the 18 per cent casein diet 
supplies adequate amounts of ethanolamine if it actually is the pre- 
cursor of choline. As a result of the feeding of ethanolamine, choline. 

Betaine — >- Glycine — Ethanolamine — Choline 

I + 

Methyl Methyl 

Fig. 2 

glycine, betaine, and ammonia, each containing isotopic nitrogen 
(N*®), Stetten (66) has concluded that ethanolamine serves as a pre- 
cursor of choline and has suggested the reactions illustrated in Figure 
2. In this scheme glycine occupies an important position as one of 
the principal sources of ethanolamine. In our laboratory we have 
attempted to produce both ethanolamine and methyl deficiency by 
feeding low-choline diets containing added benzoate. However, the 
results are inconclusive, as yet, owing in part to the fact that 
ethanolamine serves as a precursor of glycine in such experiments. 
Chargaff (67) has studied the formation of the choline phospholipid, 
lecithin, and of the ethanolamine phospholipid, cephalin, and has 
interpreted his experiments as suggesting the demethylation of leci- 
thin to cephalin rather than the methylation of cephalin to lecithin. 
It remains to be determined whether the serine phospholipid re- 
ported by Folch and Schneider is involved in the ethanolamine- 
choline relationship (68). 

If one accepts the deposition of liver fat and the renal hemorrhag- 
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ic degeneration as typical indexes of labile methyl deficiency, then 
the pertinent question arises: '^How does choline prevent these ab- 
normalities?’’ The relation of choline to the fatty liver appears direct 
in view of the recognized role of the choline phospholipids, especially 
of lecithin, in the transport of fatty acids. However, the exact mech- 
anism of fatty acid transport and utilization are still unknown, so 
that a conservative view of the role of choline in lipid metabolism 
would be that of Best (6i), that ^‘dietary choline increases slightly 
the phospholipid content of the liver and this promotes the transport 
of fatty acids, as phospholipids, from the liver to other tissues or 
promotes the utilization of fatty adds in the liver itself.” 

A satisfactory explanation of renal hemorrhagic degeneration 
must include both the cause of the onset of the degeneration and the 
reason for partial recovery without change in the food mixture. No 
such explanation has an acceptable experimental basis yet, but it 
seems probable that the two choline phospholipids are involved, 
since both may be important in cellular organization as well as in 
lipid metabolism. It may be that the whole picture is complicated 
by variations in the dietary or metabolic supply of labile methyl, of 
certain fatty acids, of phosphoric acid, of ethanolamine, or of 
sphingosine. It is also possible that manifestations of choline de- 
ficiency may be due to the failure of formation of other essential 
methyl-containing compounds, including constituents of tissues, 
products of detoxication, and various other metabolites. Indeed, 
choline may not be directly involved except as it supplies labile 
methyl for other methylations. Although this might conceivably be 
the case as far as the renal lesions are concerned, it does not seem 
probable as an explanation of the prevention of fatty livers. Choline, 
after all, does occur in lecithin and in sphingomyelin, and Welch (69) 
has shown that the feeding of arsenocholine results in a lipotropic 
effect with the arsenic derivative actually used and incorporated into 
the phospholipid fraction. 

The literature contains numerous references to the occurrence of 
renal pathology in rats on experimental diets high in protein or in 
individual amino acids, cystine particularly. It appears significant 
that excess cystine in a diet adequate in choline fails to damage the 
kidneys during the period in which renal pathology is so easily pro- 
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duced in the absence of choline. In this connection it is of interest 
that rats fed the normal stock ration for over a year after recovery 
from an original lo-day period on the low-choline diet showed defi- 
nitely pathological kidneys even though repair and restoration of 
marked degree had occurred (33). It is possible, therefore, that renal 
damage reported in some of the earlier investigations may have been 
due to an unrecognized choline deficiency at the beginning of the 
experimental period. 

In conclusion, we would emphasize the peculiar importance of 
choline as a dietary essential without which young animals develop 
deficiencies which are spectacular in their onset and severity. Be- 
cause of the unexplained partial recovery of less severely affected 
animals, pathological changes may be observed only as these animals 
happen to come to autopsy later, at which time the pathology may 
be wholly unrelated to the dietary regime. It is entirely possible that 
subsequent research may show that the animal organism is able to 
synthesize choline in unlimited quantities from precursors. How- 
ever, until such precursors are identified and shown to be available 
in commonly used foodstuffs, choline should be regarded as indis- 
pensable in diets, as first suggested by Best (70). The new questions 
and new problems which have resulted from the characterization of 
choline as a lipotropic and antihemorrhagic molecule, which with 
methionine probably constitutes the bulk of the body’s supply of 
labile methyl, present a fascinating challenge to workers in this field. 
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THE ECONOMY OF PHOSPHORUS IN THE 
ANIMAL ORGANISM 


FRANKLIN C. McLEAN 
Department of Physiology, University of Chicago 

A PPRECIATION of the part played by phosphorus in carbo- 
yLV hydrate metabolism, and thereby in the transfer and stor- 
age of energy in the organism, has been mainly a develop- 
ment of the past decade. It seems desirable, at this time, to attempt 
to see the relations of phosphorus to the animal organism as a whole, 
so that these newly discovered functions of this element may be 
examined in perspective. With so much emphasis upon the recently 
discovered reactions in which phosphorus is concerned, there is the 
possibility that other equally important functions may be tempo- 
rarily lost sight of. Moreover,, and in view of the multiple role of 
phosphorus in the organism, it is of some interest to see how the 
organism regulates the assimilation of this substance, and its flow 
through the blood and tissues, in such a way as to distribute it 
among the many demands which compete for it. In following these 
complicated regulatory processes we shall find, as might be antici- 
pated, that enzymes, hormones, and vitamins are all involved. 

FORMS OF PHOSPHORUS 

Before entering upon these tasks it may be well to recapitulate the 
types of phosphorus compounds found in the animal organism and 
to give some idea of the correlation of the functions of these com- 
pounds with the chemical characteristics of this element. 

First, all or almost all of the compounds of phosphorus — inorganic 
and organic — ^found in the organism are derivatives of orthophos- 
phoric acid, H3PO4. 

Second, of approximately 700 gm. of phosphorus in the adult hu- 
man organism, about 600 gm. are in the skeleton, and the presence of 
this large amount of phosphorus in the bones depends upon the abil- 
ity of orthophosphoric acid to form difficultly soluble compounds 
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with calcium. Upon this same characteristic depends another very 
interesting phenomenon — the formation, under appropriate condi- 
tions, of a colloidal complex of calcium and phosphate in the 
plasma. 

Third, orthophosphoric acid is a weak tribasic acid. Its dissociation 
constants are such that at pH 7.4 approximately 85 per cent of the 
total inorganic phosphate of the plasma is in the form of the divalent 
ion HPO5, while 1 5 per cent is monovalent H^PO 4 and only about 3 . 5 
parts per 100,000 is trivalent POf. The theory of the buffer action of 
the plasma was largely developed in terms of these ions, although, as 
is no\y known, the buffer value of the plasma phosphate is negligible 
in comparison with that of the other buffer systems. The buffer ac- 
tion of the phosphates is important, however, in accomplishing the 
excretion of excess acids in the urine, and a deficiency in phosphorus 
may lead to acidosis by a diminution in this function. 

Fourth, phosphates enter into combination with lipids and with 
certain proteins, such as casein. The role of the phosphate in these 
combinations is not yet clear, but with reference to the phospho- 
proteins it is worth mentioning that the phosphate linkage with the 
protein portion of some of the complex respiratory enzymes appears 
to be of importance in the activation of these substances. 

Fifth, phosphate enters into a considerable number and variety of 
chemical combinations, which have in common their solubility in 
acid, their extreme lability, and their association with the utilization 
of carbohydrate. In the latter connection two groups of compounds 
may be distinguished: (i) combinations of the phosphate with the 
substrate, i.e., the carbohydrate or one of the intermediary products 
of its metabolism; and (2) combinations of phosphate with more or 
less complex substances serving as catalysts to various reactions in 
the metabolic cycle of the carbohydrates. An additional substance 
of the acid-soluble group, phosphocreatine, seems to be unique in 
that it serves as a reservoir of energy immediately available for the 
contraction of muscle. As this energy is expended, the phosphate 
radical is lost from the compound, but it is promptly restored with 
the aid of energy derived from the metabolic processes just men- 
tioned. A further source of stored energy in muscle, with a secondary 
reservoir in the liver, is glycogen. Glycogen itself is not in combina- 
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tion with phosphate, but phosphate compounds are essential to its 
synthesis and to its breakdown into immediately available forms of 
carbohydrate. 

The organism appears to be able to synthesize all of the complex 
organic compounds of phosphorus from inorganic phosphate. This 
is not to say that it can synthesize all of the organic substances with 
which phosphate is united. The human organism, for example, can- 
not synthesize thiamine. But, given thiamine, the organism can 
transform it into the active form — diphosphothiamine. Moreover, it 
would appear that this ability to form organic combinations with 
phosphate is very widespread within the human organism, as it is 
among various other organisms, since only a negligible concentration 
of phosphate in organic form is carried in the plasma. Phosphorus 
taken into the gastrointestinal tract in organic combination is, as a 
rule, split off and absorbed in the same manner as if ingested as in- 
organic phosphate. This ability of the organism to meet its mani- 
fold needs for phosphorus from simple inorganic phosphate is prob- 
ably a necessity from the standpoint of survival. 

SOURCE, REQUIREMENTS, AND ABSORPTION 

As phosphorus is present nearly everywhere in the animal organ- 
ism, so is it present nearly everywhere in nature. Ultimately, of 
course, the source of the phosphorus which flows through the animal 
organism in a never ending stream is the soil. For man the flow is 
first to the plant foods, then either direct to the human organism or 
indirectly by way of the animal tissues which man consumes. Fer- 
tilization of the soil consists in supplying it with phosphorus, as well 
as with nitrogen — two elements without which most plants cannot 
grow. In the sea, where phosphorus may not be abundant, a de- 
ficiency of this element may limit plant life and thereby animal life. 
A deficiency of phosphorus in the soil may similarly limit plant and 
animal life. 

The daily requirement for phosphorus in the adult human or- 
ganism is in the neighborhood of i gni. and is even higher in the 
growing child, in whom the needs of the skeleton must be met. But 
a deficiency in intake of phosphorus, taken by itself, scarcely con- 
stitutes a problem in nutrition. The typical southern dietary is de- 
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ficient in phosphorus, but the importance of this is overshadowed 
by the other concomitant deficiencies. Moreover, the phosphorus 
content of human milk is much lower than that of cow’s milk, and 
may, in breast-fed infants, be the limiting factor in the rapidity of 
mineralization of the skeleton, but this cannot be regarded as a true 
deficiency. On the other hand, a deficient absorption of phosphate, 
in the presence of an adequate intake, is not uncommon, creating for 
the organism the same physiological problems that would be created 
by a true deficiency in intake of this element. 

On an ordinary intake of phosphorus a considerable proportion 
of that ingested appears in the stools. But it is not correct to sub- 
tract the amount in the stools from that taken in and to assume that 
the difference represents that actually absorbed. A large amount of 
phosphorus, perhaps equivalent to the daily intake, is poured into 
the gastrointestinal tract in the various secretions, most of which 
are reabsorbed. It is thus conceivable that the same phosphate ion 
might be released into the gastrointestinal tract and reabsorbed a 
dozen times before being finally ejected with the excreta. 

VITAMIN D 

These difficulties are largely avoided by the concept of net ab- 
sorption, which is defined by the difference between the intake and 
that lost in the stools. And the net absorption of phosphate, as well 
as that of calcium, is influenced by vitamin D, the details of the 
mode of action being wholly obscure. Vitamin D thus plays an im- 
portant, and, in the infant in particular, a decisive part in regulating 
the supply of phosphorus to the organism. We shall see that the 
first effect of a deficient assimilation of phosphorus is a failure of 
calcification of the bones, and that this, by removing the largest de- 
mand for the element, generally leaves an amount adequate for all 
other purposes, except under the most rigorous experimental con- 
ditions. 

In spite of constantly recurring suggestions that vifamin D has 
other points of action in Hie organism, and particularly that it is 
concerned locally with the deposition of the minerals of bone, there 
is no satisfactory evidence for any such actions, except in large and 
toxic doses, with which we are not here concerned. On the other 
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hand, and while we may feel that we have ruled out the possibility 
that the deposition of bone mineral is influenced directly and locally 
by vitamin D, we cannot feel so sure about the absence of systemic 
effects. But we do feel that the burden of proof is still upon those 
who would maintain that there are such effects. 

TRANSPORT 

Transport of phosphorus within the animal organism is, of course, 
mainly a function of the circulating blood. Even here, there are un- 
solved problems. In the fluid portion of the blood, the plasma, as 
well as in the tissue fluids, phosphate is present almost entirely in 
the inorganic form, there being a total of only about 0.5 millimoles 
per liter of organic phosphate in these fluids. But the red blood cells 
are rich in organic acid-soluble compounds of phosphorus, and there 
is abundant evidence that these compounds are not simply fixed sub- 
stances, in transit from one part of the organism to another; they 
are labile and are engaged in the transformations typical of similar 
compounds elsewhere, and specifically in the reactions of the glyco- 
lytic cycle. 

Just what functions are served by the phosphoric esters in the red 
blood cells or by the glycolysis with which they are concerned is not 
clear. The need for transfers of energy within the red cells is not 
immediately apparent. Physiologists have become accustomed to 
think of the nonnucleated red blood cells of mammals as playing a 
purely passive role in the transport of oxygen and of carbon dioxide 
and in the regulation of the acid-base balance; and this idea has 
been strengthened by the fact that these cells, in the presence of an 
abxmdant supply of oxygen, consume negligible amounts of it. Now 
we must accustom ourselves to the facts that anaerobic glycolysis, 
with its transfer of energy, is actively carried on within these cells 
and that the amounts of energy concerned are not insignificant. 
For the moment one can only speculate as to the use to which this 
energy is put, and there is a temptation to relate it to some other 
perplexing problems concerning the red blood cells as well as tissue 
cells. For example, we are still very much in the dark as to why 
sodium and potassium behave so differently in the animal organism. 
In most tissues sodium is almost entirely extracellular, while potas- 
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sium is predominantly intracellular; and in most species, but to a 
somewhat lesser degree, this difference is reflected in the red blood 
cells. The failure of the sodium and potassium in the plasma to come 
to equilibrium with that in the cells has generally been attributed 
to impermeability of the cells, including the red blood cells, to these 
ions; but recent work with radioactive isotopes has confused, rather 
than clarified, this concept. It has been suggested from several 
sources that the differences between the concentrations of sodium 
and potassium inside the red cell and those in the plasma and the 
apparent impermeability of the red cell to these substances are ac- 
tually maintained by a process which requires the expenditure of 
energy, and Danowski (i) has brought forward experimental evi- 
dence supporting this point of view. 

Such a view, if found to be valid, would materially modify our 
outlook upon the Donnan equilibrium, although there is no indica- 
tion that it would invalidate this formulation as a description of the 
distribution of water and electrolytes between the plasma and the 
red cells. In fact, recent work by Guest afid Rapoport (2) on the 
anion equivalencies of the organic phosphates of the red blood cells 
and upon the influence of diphosphoglycerate on the distribution 
of diffusible ions between the plasma and red cells has cleared up 
some of the obscure points in the earlier results. 

RICKETS 

One of the most constant and most characteristic sequelae of what 
may be called a “functional deficiency” in phosphate — ^generally as 
the result of a deficiency in intake of vitamin D — is the lowering of 
the concentration of inorganic phosphate in the blood plasma. The 
simplest conception of rickets is that which attributes all of the 
symptoms and findings in this disease to the lowered plasma phos- 
phate. It will be noted that I adhere rather closely to this concept 
of rickets, putting the burden of proof upon those who would main- 
tain that there are findings not to be interpreted in this light. In 
this connection I may call attention to the fact that Freudenberg 
(3) has recently attributed the rather mild acidosis of rickets, fre- 
quently cited as evidence for the view that rickets is actually a sys- 
temic disease, to the fact that the phosphate available for excretion 



ECONOMY OF PHOSPHORUS IN ANIMAL ORGANISM 191 


in the urine is not sufficient to carry out adequately the elimination 
of acid from the organism. 

In addition to the lowered inorganic phosphate of the plasma in 
clinical and experimental rickets, there are numerous reports of a 
diminished content of acid-soluble organic phosphorus in the red 
cells during this disorder and of increases in the concentrations of 
these substances under conditions which lead to the healing of 
rickets. Moreover, similar findings have been reported for the soft 
tissues, offering an example of the usefulness of the blood picture as 
reflecting the state of the labile phosphorus reserves of the whole 
body. 

Guest and Rapoport (2) have reported that the development of 
rickets induced in rats by a high-calcium, low-phosphorus diet is 
associated with decreases first of inorganic phosphorus and of an- 
denosinetriphosphate and then of diphosphoglycerate in the blood 
cells. During the development of rickets the concentration of di- 
phosphoglycerate decreases progressively. A rapid increase in con- 
centration of diphosphoglycerate following any of the procedures 
which induce healing appears to be a sign of rapid mobilization of 
phosphorus in the body and of the availability of such phosphorus 
for transport to the calcifying bones. 

Such findings have frequently been cited as evidence that vitamin 
D has some specific effect upon the organic phosphorus compounds of 
the blood and tissues. The findings may be as readily explained, how- 
ever, by assuming that the organic compounds of the red blood cells, 
and presumably of other cells as well, are in equilibrium with the 
inorganic phosphate of the plasma and that a lowering in concentra- 
tion of the one leads automatically to a lowering of the other. A dis- 
turbing note is that Freeman and McLean (4) have reported that 
puppies fed a diet extremely low in phosphorus, over a period of 
100 days, failed to show a significant decrease in the acid-soluble 
phosphorus of the red blood cells, regardless of whether or not vita- 
min D was administered in antirachitic doses. I do not attempt to 
explain this discrepancy. 

The problem of calcification, with which I can deal only in its 
broadest outlines, may be stated in the form of a question: How, 
and under what conditions, does calcium, in combination with phos- 
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phate, leave the circulating fluids of the body and become deposited 
in solid form in the tissues? 

We can describe one mechanism by which a comp)ound of calcium 
and phosphate may leave the blood, although this mechanism is of 
doubtful applicability to calcification. 

If calcium or phosphate is added to serum, nothing seems to hap- 
pen, unless these substances are added in very large amounts. In 
other words, it is not practicable, within ordinary limits, to precipi- 
tate calcium in combination with phosphate from serum. 

COLLOIDAL CALCIUM PHOSPHATE 

It is now well established that in the presence of a protective col- 
loid, such as serum protein, increase in calcium and phosphate con- 
centrations beyond a critical level gives rise to formation of a col- 
loidal complex of these two substances. The chemical composition 
of this complex and the mechanism of its formation are not clearly 
defined; but, since the conditions for its appearance in the plasma 
approximate very closely the conditions for calcification in vitro, 
it is not unreasonable to suppose that the conditions for formation 
of a colloidal complex, in a protein-containing solution, depend upon 
solubility relationships. 

Something is now known concerning the behavior of this colloidal 
complex in the animal organism. When the level of phosphate or 
of calcium in the plasma is increased, the colloidal complex is 
formed. There is a definite time factor in the process, as shown in 
collaboration with Hinrichs (5), the formation of the colloidal com- 
plex proceeding more rapidly as the concentrations of the ions are 
increased, and very slowly nearer the critical levels. As the sub- 
stance is formed, it is very quickly removed from the circulating 
plasma; and Gersh (6) has shown that it is taken up by the his- 
tiocytes, or the so-called ‘‘reticulo-endothelial system,’^ of the liver 
and spleen. Here it is redissolved and put back into solution in the 
circulating fluids. The formation of this substance acts as a limiting 
factor upon the possible simultaneous increase in phosphate and in 
calcium concentrations in plasma. It accounts for the low plasma 
calcium, with concurrent tetany, frequently observed, together with 
phosphate retention, in Bright’s disease. Whether the colloidal com- 
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plex has any direct relationship to calcification is not known, but it 
represents at least one form in which calcium and phosphate may be 
removed from the blood. It is of interest that the formation of this 
colloidal complex, with the consequent removal of calcium ions from 
the blood, occurs much more readily in serum than in solutions of 
casein. This suggests the possibility of some mechanism for catalyz- 
ing the reaction in serum, but this possibility has not been ade- 
quately explored. 


CALCIFICATION 

> 

It has been apparent for some time that calcification, being essen- 
tially the deposition of a difficultly soluble salt in solid form, must 
be concerned with the solubility of that salt, and that consequently 
it should be possible to define the conditions for calcification in rela- 
tion to a solubility product constant. But the difficulties in realiza- 
tion of this definition have been many. Howland and his associates 
(7), some years ago, in the absence of any method for determining 
either calcium or phosphate-ion concentrations in the serum, intro- 
duced a simple empirical product — ^Total calcium times Total phos- 
phate — and found that the presence or absence of rickets in infants 
could be correlated with this product. In spite of various attempts 
to refine this formulation, the problem of an adequate definition of 
the humoral conditions for calcification has only recently been re- 
solved. This is not the place for a detailed account of this work, 
which has been done in collaboration with Lipton, Bloom, and Bar- 
ron (8), but it may be said that for calcification of rachitic cartilage 
to occur in vitro the solubility product constants of both secondary 
and tertiary calcium phosphates must be exceeded and that this 
has been found to be true over a range of pH 5. 7-8.7. 

Since the conditions are such that saturation with CaHP04 at 
pH 7.4 can only be attained in solutions already saturated with the 
tertiary compound, the solubility of this salt is critical for calcifica- 
tion in the living animal, as was postulated some years ago by Shear 
and his associates. Thus we have the seeming paradox that the solu- 
bility of this salt, which is not present in bone, nevertheless deter- 
mines the deposition of the bone mineral. 

As already mentioned, this finding is a refinement of the empirical 
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product of Howland; and, taken together with the local factor to 
be discussed, it is adequate to account for the calcification of the 
bones in growing animals and for the failure of this calcification, 
which is known as ‘‘rickets.’^ What it fails to account for is the fact 
that adults, with concentrations of calcium and phosphate in the 
plasma identical with those of the rachitic child, can still carry on 
the physiological turnover of bone mineral and can calcify the callus 
of a healing fracture. 

COMPOSITION OF BONE SALT 

The finding that the solubility of CaHP04 is critical for calcifica- 
tion is easily reconciled with current conceptions, both as to the 
chemical composition of the bone salt and as to the mode of its 
formation. The chemical composition has been studied by x-ray dif- 
fraction methods and, lately, with the aid of radioactive elements. 
For some years this work had the goal of identifying the bone salt 
with a pure crystalline substance of constant composition and a high 
degree of stability. More recently it has appeared better to abandon 
this attempt in favor of one compatible with the view that the bone 
salt is not a pure substance, is not of constant composition, and is 
not stable. That it belongs in the apatite group of minerals, all of 
which have the same basic crystalline structure, is now firmly estab- 
lished; but it does not correspond exactly to any of the pure sub- 
stances in this group or to any mixture of them. Instead, on what 
may be regarded as a base of hydroxy -apatite, the bone salt is an 
isomorphous mixture, with substitutions of carbon for both phos- 
phorus and calcium in the crystal structure (9). Other substitutions 
occur, notably magnesium, sodium, and potassium for calcium; and 
these substitutions continue to take place long after the mineral is 
laid down. 


FORMATION OF BONE SALT 

Corresponding changes in the ideas concerning the mode of for- 
mation of the bone salt have taken place. The problem is compli- 
cated by the facts that even the sequence of events when a solution 
of phosphoric acid is titrated with lime water is not yet entirely clear 
and that the deposition of bone salt is a much more complicated 
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process. But to replace the classical idea of precipitation, in which 
all the constituent ions collide, combine, and are deposited in a solid 
phase, we have now the concept of the bone salt being formed as the 
result of a series of reactions and transformations. While it is by no 
means certain that the following description correctly records the 
events as they occur, it does illustrate the current conception of the 
mode of formation of the bone salt: 

1. CaHP04 is aggregated, presumably in submicroscopic particles. 

2. Three molecules of CaHP04 condense to form one molecule of Ca3(P04)2, 
leaving one molecule of H3PO4. By reaching this stage in two steps the necessity 
of a fifth order reaction is avoided. 

3. Ca3(P04)2 is unstable, but there are quickly added (OH)i, CO5, and per- 
haps other ions, to complete the crystal structure characteristic of the apatite 
minerals. 

4. Further additions to, and substitutions in, the molecule continue over a 
long period of time, the mineral increasing in stability and decreasing in solu- 
bility. 

From this point of view, then, and from the correlations of calcifi- 
cation with ion products, it seems reasonable to suppose that the 
solubility products of both secondary and tertiary calcium phos- 
phates must be exceeded in order for the corresponding stages in the 
formation of the bone salt to take place. From the same point of 
view it is also possible to see why the bone salt, once formed, is less 
soluble than the salts formed in the process of its deposition, and that 
consequently the solution of bone salt from bone is negligible, even 
in the presence of low ion products in the plasma. The correlation of 
calcification with critical ion products in the plasma also reveals the 
mechanism for protection of the organism^s other needs for calcium 
and phosphate. During the period of growth, by far the greater part 
of the phosphate ingested goes to the skeleton. But if the supply of 
phosphorus or of calcium fails, the ion product falls, and calcifica- 
tion ceases. Consequently, the intake of phosphorus may be mark- 
edly reduced,, without seriously affecting the supply available for 
other than skeletal purposes. 

All of the above discussion concerning the humoral factor in calci- 
fication presupposes a calcifiable tissue, for, even when saturation of 
the fluids of the body with calcium and phosphate is attained, cal- 
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cification occurs only in certain predetermined places. For this rea- 
son it is necessary to recognize a local factor which determines the 
occurrence and localization of calcification when favorable humoral 
conditions are present. 


PHOSPHATASE 

It would be peculiarly appropriate, in this symposium, to be able 
to clarify the role of phosphatase in calcification and to identify it 
with the mechanism of the local factor. But it is hardly possible to 
go further, either with affirming or with denying a relationship of this 
enzyme to the deposition of the bone salt, than Robison (lo) was 
able to go when he left the problem in 1934. 

Phosphatase is present in especially high concentrations in three 
tissues — ^bone, kidneys, and intestines. In only one of these tissues 
can the enz3mie be primarily concerned with calcification. Robison’s 
original h5rpothesis was that bone phosphatase, by catalyzing the 
breakdown of phosphoric esters, raises the local concentration of in- 
organic phosphate high enough to exceed the solubility product of 
the bone salt and that deposition of the salt occurs. This hypothesis 
was supported by experiments in which calcification of rachitic car- 
tilage occurred in vitro in media in which all of the available phos- 
phorus was in the form of phosphoric esters. The hypothesis, how- 
ever, immediately encountered two objections: (i) the fact that the 
plasma and diffusible fluid of the body, from which the phosphate 
would presumably be derived, contain so little organic phosphate 
that, if it were all transformed into the inorganic form, the concen- 
tration of the latter would not be significantly altered; and (2) the 
fact that calcification occurs only in predetermined places made it 
necessary to postulate a second mechanism, corresponding to what 
we have called the '‘local mechanism.” Robison attempted to meet 
the first objection by assuming that the inorganic phosphate came 
from the phospheric esters either of the red blood cells or of the 
h3T)ertrophic cartilage cells, and he also attempted to identify the 
second mechanism with phosphatase activity, but the verdict still 
stands as not proved. The presence of phosphatase in the bones in 
high concentration, particularly during the period of rapid growth 
and of deposition of the bone salt, suggests some relationship to this 
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deposition. With Freeman, we have recently found (4) that phos- 
phatase is associated with the layer of osteoblasts applied to the 
surface of growing bone and also with the h)^ertrophic cartilage 
cells of the zone of provisional calcification. On the other hand, the 
enzyme is not found in the matrix of osteoid tissue awaiting calcifi- 
cation. The significance of these findings is not clear. 

It has been suggested that the absorption of both carbohydrates 
and fatty acids depends upon a transient phosphorylation and that 
the reabsorption of glucose through the renal tubules depends upon 
the same process. Such mechanisms, as yet not proved, would ac- 
count for the high concentrations of phosphatase in the kidneys and 
in the intestines. 


THE LOCAL FACTOR 

During the past year, in collaboration with Lipton, Barron, and 
Bloom (ii), I have been engaged in a frontal attack upon the prob- 
lem of the nature of the local factor. After reviewing the various 
possibilities which had been suggested, and the available facts, the 
latter chiefly from the work of Robison, it appeared to us that the 
process, whether concerned with phosphatase or not, is probably 
enzymatic in nature. This was supported by the observations that 
heating to 60° C. causes a complete but irreversible inhibition of 
calcification of rachitic cartilage in vitro. Other influences, including 
iodoacetate, fluoride, alcohol, acetone, chloroform, drying over phos- 
phorus pentoxide, and leaching in phosphorus-free saline solutions, 
caused a partial inhibition, usually easily overcome by adding an 
excess of phosphate to the solutions used. Our search for a method 
for producing a satisfactory reversible inhibition of the local factor, 
with which the nature of the process could be further investigated, 
has so far faded. 

We attempted also to find some correlation of calcification in the 
matrix of hypertrophic rachitic cartilage with the anaerobic gly- 
col)rsis of the .tissue, this work being stimulated by an apparent 
correlation between the appearance of glycogen in the cartilage 
cells and the calcifiability of the matrix and by the reports in the 
literature that calcification in vitro is inhibited by iodoacetate and 
by fluoride. On account of the low oxygen consumption of cartilage. 
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aerobic studies were not possible. Here, again, we failed to find any 
demonstrable interrelationship. While it is true that a 70-90 per 
cent inhibition of glycolysis by iodoacetate or by fluoride is accom- 
panied by a slight reduction in calcification, this is easily overcome 
by adding slightly more phosphate. The addition of glucose to the 
incubating medium, while increasing anaerobic glycolysis about 
eightfold, had no appreciable effect upon calcification. Moreover, 
glycolysis proceeded at the same rate, whether or not the incubating 
medium contained enough phosphate to induce calcification in the 
cartilage matrix. 

The addition of adenosine triphosphate and of creatine to the 
incubating medium had no effect upon calcification. Addition of 
glutathione and thioglycolic acid, both of which are reported to in- 
hibit phosphatase activity, still gives excellent calcification in the 
presence of a phosphate ester and in the absence of inorganic phos- 
phate. The work has had to be interrupted, but we hope to return 
to it at the earliest opportunity. 

RESORPTION or BONE 

The function of the skeleton in the storage of calcium is well 
known. Obviously, phosphorus is also accumulated in the bones, 
but apparently no great physiological need is served thereby. 

The simplest conception of the release of calcium and phosphorus 
from the bones into the blood stream would be the converse of cal- 
cification, or decalcification. But simple decalcification, or solution 
of the bone minerals in the fluids of the body, does not appear to 
occur to any appreciable extent. Instead, for the body to obtain 
access to the minerals stored in bone, some of the bone itself, in- 
cluding its organic matrix, must be destroyed. 

The whole process of formation and destruction of bone, serving 
the need for storage and delivery of bone mineral as needed, is 
beautifully illustrated in female birds during the egg-laying cycle, 
as recently studied in detail in the laboratory of Dr. William Bloom 
(12). In the pigeon, in which maturation of the ovarian follicle is 
initiated by copulation, there begins at the same time a remarkable 
process in the marrow cavities of the long bones. Here an- entire 
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secondary system of bone, concerned only with the storage of the 
calcium needed for the eggshell, is built up within a few days, ex- 
tending as a network throughout the marrow cavities. This is true 
bone, although not needed for ordinary skeletal support; and cal- 
cium is deposited in it, as it is formed, in the usual combination with 
phosphorus, as bone salt. 

When the eggshell is about to be formed, there is a sudden re- 
versal from bone formation to bone destruction, and calcium and 
phosphate are liberated. The calcium goes into the eggshell, in the 
form of almost pure calcium carbonate, while some of the phosphate 
is excreted and some is used again in the next cycle. It is of interest, 
also, that during this same period there appears in the blood a phos- 
phoprotein, called “serum vitellin,” having approximately the com- 
position of ovovitellin and apparently concerned with the deposi- 
tion of the latter in the egg. The formation of medullary bone can 
be brought about by the administration of sex hormones. In the 
pigeon, but apparently not in some other birds, both female and 
male hormones must be administered to produce the reaction (13). 
The reversal of the process from bone formation to bone destruction, 
which occurs spontaneously and with great rapidity in the laying 
bird, has not been duplicated experimentally, and its mechanism 
remains unexplained. 

Under usual physiological conditions this destruction or resorp- 
tion of bone is regulated by the parathyroid hormone, which thus 
regulates the concentration of calcium ions in the blood plasma. 
Efforts have been made to establish the phosphate level in the blood, 
rather than the calcium level, as the effective stimulus to functional 
activity of the parathyroid glands, but the arguments are not con- 
vincing. The function of the parathyroid glands seems not to be 
primarily related to the phosphorus needs of the organism, for the 
phosphorus released from the bones under their inffuence is not 
utilized elsewhere but runs to waste in the urine and is lost to the 
body. This is accomplished by an effect of the parathyroid hormone 
upon excretion of phosphate through the kidneys. When bone salt 
is liberated from bone under the influence of parathyroid extract, 
both calciiun and phosphate, in definite proportions, are poured into 
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the blood. But the calcium concentration in the plasma rises, while 
the phosphate concentration usually falls or remains unchanged. 
This differential effect, resulting from the increased excretion of 
phosphate in the urine, permits the parathyroid hormone to regulate 
the concentration of calcium in the plasma, without the interference 
of a rise in phosphate concentration which would make a concurrent 
rise in calcium concentration impossible. 

SUMMARY 

1. Phosphorus flows through the organism in the blood stream, 
chiefly in the form of the ions of orthophosphoric acid. This flow 
usually forms an adequate supply of this element for metabolic needs 
of the organism, these needs being protected by the fact that all 
withdrawal of the mineral for calcification stops long before the 
supply for other needs is threatened. 

2. In addition to compounds of phosphorus with proteins and 
lipids, phosphate enters into a considerable number and variety of 
chemical combinations which have in common their solubility in 
acid, their extreme lability, and their association with the utilization 
of carbohydrate, their chief function being in the transfer, rather 
than in the storage, of energy. Only in the case of creatine phosphate 
does there appear to be any appreciable storage of energy in the form 
of energy-rich phosphate bonds, this stored energy being held ready 
to meet the demands of muscular contraction. 

3. The organism appears to be able to synthesize all of the com- 
plex organic compounds of phosphorus from inorganic phosphate. 

4. The problem of calciflcation, including the humoral conditions 
necessary for the deposition of bone salt, and the nature of the local 
factor have been considered, together with the processes involved in 
the resorption of bone. 
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VITAMIN K 


D. W. MacCORQUODALE 
Abbott Laboratories, North Chicago, Illinois 

I N CONNECTION with his studies on sterol metabolism Dr. 
Henrik Dam, of the University of Copenhagen, described in 
1929 a hemorrhagic disease in the chick which was character- 
ized by a greatly prolonged blood-clotting time (i). Newly hatched 
chicks were placed on a special fat-free diet. After two or three 
weeks there developed extensive subcutaneous intramuscular and 
abdominal hemorrhages. Anemia was usually severe, and the ability 
of the blood to coagulate was lost almost entirely. This scurvy-like 
syndrome was also observed by other investigators, but in 1935 Dam 
showed that a cure could not be effected by means of any of the 
known vitamins and correctly concluded that the disease was caused 
by deficiency of a hitherto unknown dietary factor, for which he sug- 
gested the name ‘‘Koagulationsvitamin,” or vitamin K (2). The 
newly discovered factor was found to be present generally in green 
leafy vegetables and in hog-liver fat. Cereals and fruits were found 
to contain little of it, the tomato being a notable exception. 

Early experiments directed toward the isolation of the vitamin 
utilized hog-liver fat as the source material, but Dam and Almquist 
and Stokstad (3) found alfalfa to be a particularly rich source of the 
substance; and it was from this material that the pure vitamin was 
first isolated in 1939 by McKee, Binkley, MacCorquodale, Thayer, 
and Doisy (4) at St. Louis University and by Dam and Karrer and 
their collaborators (5) in the European laboratories. 

The formation of vitamin K by bacteria was demonstrated by 
Almquist and Stokstad (3) at the University of California. They 
found that vitamin-K-free protein material which was moistened 
and allowed to stand exposed at room temperature for several days 
rapidly developed strong antihemorrhagic potency. They also found 
(6) that an ether extract of the droppings from deficient chicks would 
afford protection when incorporated in a diet which would otherwise 


202 



VITAMIN K 


203 


cause development of the disease. These findings were correctly 
ascribed to bacterial synthesis — in the one case in vitro ^ and in the 
other in the intestinal tract of the chick. Almquist ei at, (7) subse- 
quently showed that substances with antihemorrhagic activity were 
formed as a result of the metabolic processes of a considerable num- 
ber of bacteria. McKee, Binkley, Thayer, MacCorquodale, and 
Doisy (8) found vitamin-K activity in the feces of the horse, cow, 
sheep, hog, and man; and in 1939 (4) they isolated the vitamin 
formed by the bacterial putrefaction of fish meal. It proved to be a 
different compound from that obtained from alfalfa. The vitamin 
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from alfalfa was a light-yellow oil at ordinary temperatures. It 
crystallized at low temperatures and had a melting-point of ap- 
proximately — 2o°C. The vitamin from putrefied fish meal was 
obtained as a light-yellow crystalline solid melting at 53° 5-54° 5 C. 
The vitamin from alfalfa was designated “Ki,” and that from putre- 
fied fish meal “Kj.” The empirical formulas were found to be 
C3jH460a and C4,Hs60a, respectively. The St. Louis group have 
shown vitamin Ki to have the structural formula of 2-methyl- 
3-phytyl-i, 4-naphthoquinone, and vitamin Kj the probable struc- 
tural formula 2-methyl-3-difamesyl-i, 4-naphthoquinone (Fig. i). 
Vitamin K, has been synthesized in numerous laboratories, but the 
s)mthesis of Ka has not yet been accomplished, although this will un- 
doubtedly be achieved in due time. 
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Animals suffering from vitamin-K deficiency exhibit a remarkable 
tendency to bleed profusely as a result of minor injuries. Trivial 
bruises usually result in extensive subcutaneous hemorrhages. 
Wounds which in the case of a normal animal would be considered 
insignificant lead to extensive and frequently fatal hemorrhage in the 
dfeficient animal. Blood drawn from such an animal shows very little 
tendency to coagulate and may remain fluid for many hours. 

Two sources of vitamin K are ordinarily available to the animal. 
These are the preformed vitamin K, in the diet and the vitamin K, 
which is formed by bacterial action in the intestinal tract. Some 
animals, notably fowls, are not able to utilize the vitamin from the 
second source because of inadequate absorption and so are easily 
rendered deficient by feeding them a diet which contains little or no 
vitamin K. In other animals, such as the rat, dog, and probably man, 
the vitamin Reformed by bacterial action is readily absorbed ; and such 
animals are not easily rendered avitaminotic by maintaining them 
on a vitamin-K-free diet. Consequently, a dietary deficiency of 
vitamin K is not ordinarily a serious matter in the nutrition of these 
animals, for it rarely results in hemorrhagic disease in the absence of 
contributing abnormalities or disorders. 

For the bioassay of vitamin K various modifications of two differ- 
ent methods have been used. The so-called “curative procedure” 
was first used by Dam and his collaborators. It consists of keeping 
newly hatched chicks upon a diet containing little or no vitamin K 
until a definite degree of deficiency has developed. Graded doses of 
the vitamin-containing material are then administered, and the 
effect determined by measuring the clotting power of the blood. The 
preventive method was developed by Almquist and in principle con- 
sists of determining the amount of active material which it is neces- 
sary to add to the diet in order to prevent the development of the 
syndrome, as determined by tneasuring the clotting time of the 
blood. 

There appears to be some relationship between chlorophyll and 
vitamin K in plants. Dam, Glavind, and Nielsen (9) have shown 
that the vitamin is formed in the chloroplasts of the plant cell, which 
also contain the chlorophyll. Leaves which are grown in the dark, 
and so contain no chlorophyll, are found to contain little or ho 
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vitamin K. Plants, such as the spruce and pine, which can form 
chlorophyll in the dark can also form vitamin K in the dark. Lower 
plants, such as the mushroom, which contain no chlorophyll, also 
contain no vitamin K. 

Concerning the action of vitamin K in the animal organism much 
remains to be disclosed. The discovery of this vitamin and the 
demonstration of its relation to the blood-clotting mechanism have 
stimulated wide interest in this important problem. According to the 
most generally accepted theory, the rupturing of tissue cells or the 
disintegration of blood platelets liberates a kinase known as “throm- 
bokinase” or “thromboplastin.” In the presence of calcium ions this 
acts upon a proenzyme prothrombin present in the blood to form an 
enz)nne known as “thrombin.” Thrombin then acts upon the soluble 
blood-protein fibrinogen to form “fibrin,” which is insoluble and 
separates in a weblike form, enmeshing the formed elements of the 
blood to form a clot. It was shown by Dam, Schdnheyder, and Tage- 
Hansen (lo) that the failure of the clotting mechanism in avita- 
minosis K is due to a deficiency of prothrombin. Newly hatched 
chicks placed on a vitamin-K-free diet show a steady decline in the 
prothrombin level of the blood. At the end of three or four weeks 
the prothrombin level has dropped to a few per cent of the normal 
value, and the blood shows only a feeble tendency to coagulate. Ad- 
ministration of vitamin K results in a rapid rise in prothrombin, and 
in the course of a few hours the clotting time of the blood is found 
to be within normal limits. If, on the other hand, blood is drawn 
from a deficient chick and the vitamin is added directly to it, no 
effect upon the clotting time is observed. This shows that the role of 
vitamin K in blood clotting is not a direct one but that the vitamin 
is essential for the formation of prothrombin, 

Vitamin K does not form part of the prothrombin molecule. If 
this were the case, it would be expected that orally administered 
prothrombin would show vitamin-K activity due to liberation of the 
vitamin resulting from digestion of the protein complex. Dam, Gla- 
vind, Lewis, and Tage-Hansen (ii) prepared a prothrombin con- 
centrate from the blood of normal hens. Large doses of this were fed 
to chicks suffering from vitamin-K deficiency, but no vitamin-K 
activity was observed. 
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The site of formation of prothrombin is undoubtedly the liver. 
Animals from which most of the liver has been removed show a rapid 
decline in the blood prothrombin levels Moreover, the administra- 
tion of large doses of vitamin K to such animals is ineffective in in- 
creasing the prothrombin. The same is true of animals whose livers 
have been damaged by chloroform or by other means. The pro- 
thrombin level in the blood is definitely related to liver function. 

Although vitamin K is necessary for the organism in order that 
prothrombin may be formed, the availability of the vitamin does not 
insure that the animal will not suffer from hypoprothrombinemia. 
Any condition that interferes with the proper utilization of the vita- 
min will have the same result. A badly damaged liver is not able to 
form adequate amounts of prothrombin even when large amounts of 
vitamin K are brought to it by the blood stream. There must be 
enough normal intestinal mucosa to allow the absorption of suf- 
ficient vitamin K to meet the requirements of the body. If the in- 
testinal mucosa is damaged to such an extent that absorption is 
greatly reduced, a deficiency of prothrombin may result. The well- 
known role of the bile in promoting absorption of lipoids is highly 
important with regard to vitamin K. The vitamin is highly insol- 
uble in water, and in the absence of bile its absorption in the in- 
testinal tract is negligible. Ligation of the bile duct or formation of a 
biliary fistula results in a rapid fall in the blood prothrombin level 
in animals kept on a diet which is adequate for unoperated animals. 
Administration of a vitamin-K supplement is ineffective in such 
animals unless accompanied by bile or bile salts. Elliott, Isaacs, and 
Ivy (12) have shown that adkninistration of large amounts of 
mineral oil to rats can interfere with the absorption of vitamin K 
to such an extent as to bring about a condition of hypoprothrom- 
binemia. 

The manner in which vitamin K participates in the formation of 
prothrombin in the liver is not known. The action is not specific but 
is shared by a large number of derivatives of i, 4-naphthoquinone 
and by compounds which are converted into such quinones in the 
body. McCawley and Gurchot (13) have put forward an interesting 
speculation in this connection. They draw attention to the fact that 
under certain conditions the redox potential of vitamin Ki is not far 
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from that of ^-benzoquinone. The latter has been shown to exert an 
inhibiting effect on protein hydrolysis by papain and by cathepsin 
of the liver. The action of cathepsin has been shown to be a re- 
versible one, so that, if vitamin K, acts similarly to benzoquinone 
and inhibits the lytic action of cathepsin on prothrombin, the net re- 
sult would be a stimulation in the synthesis of prothrombin. 

The ability of vitamin K to promote the formation of thrombin 
is shared by a large number of synthetic compounds. Except for a 
few compounds of low activity, the active compounds are all deriva- 
tives of I, 4-naphthoquinone or compounds readily converted into 
this type of structure by metabolic processes. The most potent 
known substance is 2-methyl-i, 4-naphthoquinone, and it appears 




Fig. 2 


that the methyl group in the 2-position is necessary for any high 
degree of activity. 

Fieser, Tishler, and Sampson (14) have compared the activities of 
a large number of compounds and have madfe a number of general- 
izations. Naphthoquinone itself has only feeble activity, but with 
the introduction of a methyl group in the 2-position an extremely 
potent substance is obtained (Fig. 2a, J?, = CH3, 22 , = H). Any 
change in this structure brings about a diminution of activity. Intro- 
duction of a second methyl group in the 3-position causes a large 
decrease in potency ( 22 i = CH3, i 2 j = CH3). If one side chain remains 
a methyl group and the other is progressively increased in length, 
we find first a diminution in potency followed by an increase, the 
maximum activity among the compounds tested being found with 
the phytyl group (vitamin K,). Except for the removal of the 
phytyl group, any change in the substituents of the vitamin-K 
molecule results in diminution of activity. The substitution of an 
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ethyl group for the methyl group results in a compound with only 
one-thousandth the activity of the vitamin. The presence of the 
double boiid in the position in the side chain is important for the 
activity of the vitamin. Saturation of this linkage brings about a 
considerable drop in potency (values vary from i/8 to 1/24). A 
double bond in any other position of a side chain appears to have 
little influence on activity. Any substitution in the aromatic ring of 
the naphthoquinone nucleus results in practically complete loss of 
activity. 

The first report of a synthetic compound having antihemorrhagic 
activity was made by Almquist and Klose (15), who found that 
phthiocol (2-methyl-3-hydroxy-i, 4-naphthoquinone [Fig. 2a, Rt = 
CHj, ifj = OH]) was effective in preventing the hemorrhagic di- 
athesis in chicks kept on the vitamin-K-free diet. Phthiocol was first 
isolated by Anderson and Newman (16) from the alkaline hydrol- 
ysate of the lipoids of the tubercle bacillus. It may be that phthiocol 
is not actually present in the bacillus but is formed by cleavage of 
one of the natural vitamins (probably Kj) during the saponification 
of the lipoid fraction. The effective dose of phthiocol is at least five 
hundred times as great as the dosage of vitamin Kj. 

It has already been mentioned that certain types of compounds 
which are easily oxidized to quinones may possess antihemorrhagic 
activity, presumably because of oxidation in the body. The diace- 
tates of the vitamin K, and K, hydroquinones are about half as 
active as the vitamins, and they possess the advantage of much 
greater stability. Water-soluble antihemorrhagic compounds are 
formed by combining the hydroquinones with dibasic or tribasic 
acids. The resulting derivatives are utilized in the form of the 
sodium salts. The disulfate, the diphosphate, and the disuccinate 
esters have been investigated. Apparently these derivatives of the 
simpler quinones are more efficiently utilized than the correspond- 
ing derivatives of the natural vitamins. The diphosphate of 2- 
methyl-i, 4-naphthohydroquinone (Fig. 26, jR = POjHa) is reported 
to be as active as the quinone on a molecular basis, and the same is 
true for the 3-sodium sulfonate. 

The aminonaphthols constitute another class of active com- 
pounds. The 2-methyl-4-amino-i-naphthol (Fig. 2c) is as active as 
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the corresponding 2-methyl-i, 4-naphthoquinone to which it is 
oxidized. The isomeric 3-methyl“4-amino-~i-naphthol is slightly less 
active. The aminonaphthols are utilized in the form of the water- 
soluble hydrochloride salts. Other easily oxidizable compounds 
found to be active are the 5, 8-dihydro derivatives of the i, 4- 
naphthoquinones and naphthohydroquinones, the 2-methyl-naph- 
thylamines and the 2-methylnaphthols. The latter have a remark- 
ably high degree of potency, indicating very efficient utilization. 

Molitor and Robinson (17) have investigated the acute and 
chronic toxicity in mice of a few of the naphthoquinones. For vita- 
min Ki no toxic effects were observed even when very large doses 
were administered. For phthiocol the lethal dose was found to be 
about 0.2 gm. per kilogram of body weight and for 2-methyl-i, 
4-naphthoquinone about 0.5 gm. per kilogram of body weight. 
Daily feeding for 30 consecutive days of o.i gm. of phthiocol and of 
0.35 gm. of 2-methyl-i, 4-naphthoquinone per kilogram of body 
weight was found to cause a marked diminution in the number of 
erythrocytes and in the percentage of hemoglobin in the blood. 

Rapid progress has been made in clarifying the biochemical 
aspects of the vitamin-K problem and in developing valuable clinical 
applications, but the fundamental question of the exact relation of 
vitamin K to prothrombin formation still stands as a challenge to 
physiologists and biochemists. 
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VITAMIN K: CLINICAL ASPECTS' 

H. P. SMITH AND E. D. WARNER 
Department of Pathology, State University of Iowa 

I T IS the purpose of the present paper to discuss certain of the 
principles involved in the clinical use of vitamin K. The use of 
this vitamin in adults will be discussed quite briefly. For more 
extended discussion of adult therapy the reader is referred elsewhere 
(1-4). In the present paper we shall give somewhat more extended 
treatment to therapy during infancy. 

Before undertaking to discuss either the infant or the adult, it will 
be well to outline briefly the question of prothrombin determination, 
for it is mainly through prothrombin determinations that the results 
of therapy are judged. Admittedly, there are still uncertainties re- 
garding all of the prothrombin methods now in use, and in the field 
of fundamental biology these differences are important. In the field 
of clinical medicine these technical problems are not quite so impor- 
tant, for the clinician is primarily interested in the fluctuations which 
occur in a given patient, and all of the current methods fulfil this 
limited purpose reasonably well. The prothrombin methods of Schjzln- 
heyder. Dam, and Plum (5-7) were used for much of the work which 
has been done abroad. The method of Quick (8-10) and the methods 
developed in our laboratory (11-16) have been used more exten- 
sively in this country. For clinical work it is desirable that the meth- 
od used be one which is simple, easily learned, and readily performed. 
We have worked out the details of one such method (15, 16) which 
can be done with whole blood. We refer to this as the ‘‘bedside test^’ 
for prothrombin activity. The test merely involves the addition of 
thromboplastin to the blood the moment it is drawn. Normal blood 
clots in about 25 seconds. With a deficiency of prothrombin, clot- 
ting may not occur for several minutes. The Abbott Company has 
recently placed a suitable type of dried thromboplastin on the mar- 

* The work which has been done in onr own laboratory was supported in part by 
the Graduate College and in part by the John and Mary R. Markle Foundation. 
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ket,’ and has also devised a small kit containing the necessary tubes 
and pipettes for the test. 

The “bedside test” requires i cc. of blood, which is drawn with a 
syringe. Recently several groups of workers (17-24) have found 
that the test can be performed equally weU with a single drop of 
blood obtained by a stab wound. Kato (26), Bray and Kelley (27), 
Rerdbek (25), and the Copenhagen workers (7) have also devised 
micromethods. These methods are especially useful in work on in- 
fants, in which it is often difficult to obtain large amounts of blood. 

THE USE OF VITABON K IN ADULTS 

The vitamin-K compounds which occur in nature appear to be 
fat-soluble, almost without exception. This is also true of some of 
the synthetic vitamin-K analogues, but not of all. It is now a matter 
of common knowledge that the fat-soluble compounds are not read- 
ily absorbed from the intestine unless bile or bile salt is present to 
aid in the absorption. With obstruction of the biliary tract or with 
biliary fistulas bile does not reach the intestipe, and vitamin K is not 
absorbed in adequate amounts. Likewise, there is difficulty in the 
absorption of vitamin K in the group of disorders variously classified 
as sprue, nontropical sprue, and celiac disease (28-34). It has also 
been shown that absorption is difficult in certain cases of intestinal 
fistulas (31) and in chronic ulcerative colitis (31, 34, 35). It thus 
appears that defective absorption may occur independently of bile 
deprivation. Furthermore, Elliott, Isaacs, and Ivy (36) have shown 
that excessive use of mineral oil may interfere with absorption of the 
fat-soluble forms of vitamin K, apparently by holding them in solu- 
tion and thus preventing their absorption by the mucosa. In sum- 
mary, then, faulty absorption may be due to lack of bile, to faulty 
function of intestinal mucosa, or, third, to mechanical factors, such 
as mineral oil. 

In cases of bile deprivation the oral administration of the fat- 
soluble forms of vitamin K must be accompanied by oral administra- 
tion of bile or bile salt to aid in the absorption. Bile and bile salt is 

* Dried thrombopbstin, prepared from brain, bas also been placed on the market by 
E. R. Squibb and Sons and by the Difco Laboratories. With these products we have 
obtained results almost identical to those obtained with the lung extract; however, the 
end points of the clotting reaction are not quite so sharp. 
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irritating, however; and it often produces vomiting, especially in 
patients with biliary-tract disease. Following operation for relief of 
biliary obstruction, the patients are often nauseated even without 
this treatment. In such cases it is almost impossible to administer 
the bile salt successfully. 

In order to avoid having to give bile salts, attempts have been 
made to administer oily solutions of vitamin K subcutaneously, 
intramuscularly, or intravenously. Very few have advocated the 
intravenous technic because of the danger of oil embolism. The in- 
tramuscular and subcutaneous methods have been given a trial. 
Dam and Glavind (37, 38) have reported some success along these 
lines. Our own experience included one case in which the bleeding 
tendency was quite marked. Unfortunately, this patient bled exten- 
sively into the tissue at the site of injection. We therefore gave up 
this type of therapy. 

Most of these difficulties can be prevented by using the water- 
soluble analogues of vitamin K. It has been shown (39, 40) in our 
laboratory, both in animals and in man, that the water-soluble forms 
are readily absorbed from the intestine without the aid of bile salt. 
They can be given intravenously or intramuscularly in cases where 
vomiting precludes oral administration. It now seems to be the opin- 
ion of most workers that water-soluble forms are preferable to the 
fat-soluble forms of vitamin K in clinical medicine. 

One of the most serious problems encountered in the treatment of 
the jaundiced bleeder is the marked tendency of the prothrombin 
level to fall abruptly after any operation which may be performed 
(34, 41-43, 94, 95). Even when the prothrombin level is normal or 
nearly so prior to operation, one often observes that it falls to 50 per 
cent or less within a day or two after operation. This, of course, is a 
matter of great concern, for postoperative bleeding of this type is far 
more common and serious than bleeding prior to operation. An addi- 
tional complication lies in the fact that these patients often vomit 
persistently for several days after operation, and it is very difficult to 
give vitamin K by the oral route. One can easily see the merit of 
being able to give vitamin K intramuscularly or intravenously in 
such a case. One can thereby avoid a dangerous delay in giving ef- 
fective treatment. 
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The question as to why the prothrombin level often falls so 
markedly after operation has aroused considerable debate. It is 
known that chloroform anesthesia causes injury to the liver, and 
liver injury of various types causes a fall in the plasma prothrombin 
level (i2, 13, 44-47). It has been suggested that other anesthetics 
may likewise produce enough injury to the liver to interfere with the 
normal production of prothrombin. However, observation shows 
that the prothrombin rarely falls more than a few per cent after 
operation, except in cases of operation on the biliary tract (48, 96). 
It has therefore been suggested (49) that manipulation of the liver 
during operations on the biliary tract may cause functional impair- 
ment of the liver. However, vitamin K does not correct the pro- 
thrombin deficiency caused by experimental liver injury (47, 50, 51), 
whereas the vitamin does relieve the postoperative fall seen in 
biliary-tract disease. It would thus appear that these patients are 
suffering from a genuine lack of vitamin K. It now seems almost 
certain that the tissues of the body normally contain important re- 
serve stores of vitamin K or of prothrombin or of both. In the pa- 
tient with obstruction of the biliary tract these reserves are eventual- 
ly depleted. At operation, considerable quantities of prothrombin 
are consumed in forming fibrin clots in the margins of the wound; 
and when the reserves of vitamin K are depleted, the prothrombin 
level falls. It is quite clear that such patients should be treated pro- 
phylactically with vitamin K before operation and should be given 
energetic treatment during the first few days after operation. In this 
way the fall can be minimized or prevented altogether. 

In evaluating the prothrombin response of patients to vitamin-K 
therapy it is important to recognize that other factors, in addition to 
the vitamin, influence the prothrombin level. The importance of 
liver function, mentioned above, is generally recognized. In fact, hy- 
poprothrombinemia which does not respond to the administration of 
vitamin K is accepted by most workers as evidence of hepatic dis- 
ease. 

A mild degree of hypoprothrombinemia is known to be very com- 
mon in chronically debilitated patients. This was found to be true 
of patients at the University Hospital at Iowa City. Similair pro- 
thrombin values were found among cases of nutritional deficiency 
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studied at Birmingham, Alabama, in collaboration with Dr. Tom D. 
Spies (52). In neither group was vitamin-K therapy effective. This 
mild hypoprothrombinemia evidently is the result of the general 
debility rather than the lack of any specific factor. 

In a recent study (53) the prothrombin level, as determined by the 
two-stage method (11-14), was found to be less than two-thirds nor- 
mal in most cases of pernicious anemia in relapse. Vitamin-K ther- 
apy was without effect, but the administration of liver extract re- 
sulted in a prompt rise in the prothrombin level. The degree of hy- 
poprothrombinemia, while in general more severe in the cases with 
very severe anemia, does not correlate well with the degree of ane- 
mia. Other types of anemia, even though of long standing, have not 
shown this rather marked lowering of prothrombin. It may well be 
that the lowered prothrombin level in pernicious anemia reflects 
some degree of hepatic insufficiency which is corrected by specific 
liver therapy. It is equally possible, of course, that the marked re- 
sponse to liver therapy signifies that some factor, other than vitamin 
K, is needed for prothrombin production. This factor might be the 
substance concerned in the manufacture of red blood cells, or it might 
be some other substance present in the liver extract. 

HEMORRHAGIC DISEASE OF THE NEWBORN 

It is now known that hemorrhagic disease of the newborn is caused 
by a deficiency in the prothrombin content of the blood (19-24, 27, 
54-93, 97). This, in turn, is due to a deficiency in vitamin K. It will 
be well to review a number of the more pertinent facts before dis- 
cussing the reasons for the lack of this vitamin. 

Most workers report that even in ‘‘normar’ infants the prothrom- 
bin falls to dangerously low levels on the second, third, or fourth day 
of life. Bleeding occurs at this time if the prothrombin level is ex- 
tremely low, especially if trauma is present to provide a precipitating 
factor. Such trauma may be of recent origin, but in some cases the 
blood apparently begins to ooze again from lesions sustained during 
delivery. Such ‘‘delayed bleeding” may occur in any portion of the 
body but is probably most common within the cranial cavity or 
from tears in the liver or other abdominal viscera. 

Far more common than “delayed bleeding” is the “early type” 
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suffered by the infant at birth or immediately thereafter. In this 
type of bleeding, birth trauma is obviously a factor of great impor- 
tance, but it has been suggested that the infant may already suffer 
from serious prothrombin deficiency at this time. Prothrombin as- 
says made at birth support this contention. However, a survey of the 
literature reveals marked disagreement regarding the prothrombin 
level at the time of birth. It is commonly held that the discrepancies 
in the literature are due mainly to differences in methods used for the 
assay of prothrombin. While these differences are undoubtedly im- 
portant, we believe, nevertheless, that genuine differences do exist in 
the clinical material studied and that prothrombin deficiency is com- 
mon in some series but not in others. In support of this contention 
we wish to present a partial analysis of several reports, chosen more 
or less at random from the literature. It will then be possible to dis- 
cuss the way in which a deficiency develops and the various methods 
of combating the disorder. 

The prothrombin levels {untreated) during the first g days of life . — 
In Figure i are plotted the prothrombin values obtained in several 
laboratories. These results are given as percentage of normal adult 
levels, thus showing quite clearly some rather marked discrepancies. 

Curves i and 2 were obtained (56) in Iowa City by our “bedside” 
method and by the method of Quick, respectively. The extremely 
high initial values with the bedside test are probably due to faulty 
control of temperature in our earlier studies; recent determinations 
give values almost identical to our results with Quick’s method, 
shown in the second curve. 

In distinct contrast to the Iowa City results are the data obtained 
in Milwaukee (66) by Quick and Grossman (curve f). In the latter 
series the initial values are 25 per cent lower, the fall occurs earlier, 
and recovery is more prompt. Careful study of the technic (Quick’s 
method) seemed to eliminate the possibility that there were sig- 
nificant differences in analytical procedure. It seems necessary to 
conclude that the prothrombin levels in the two series were actually 
different. 

A far more striking discrepancy is supplied by the Chicago series 
(70) of Kato and Poncher (curve 6 ). In this series the level was low- 
est at birth and, on the average, was only 15 per cent of normal. 



VITAMIN K: CLINICAL ASPECTS 


217 


These results were obtained by use of a microadaptation of the 
method of Quick. Kato (26) has reported that this method gives 
results almost identical to those obtained with the original method 



Fig. I. — Prothrombin levels (untreated) during the first 6 days of life. 

Curves i and by Owen, Hoffman, Ziffren, and Smith (56) in Iowa City. Curve i 
by the ‘^bedside test”; curve 2 by the method of Quick. 

Curve j, by Quick and Grossman (66), in Milwaukee, using the method of Quick. 

Curves 4A and by Waddell and Guenry (63) in Charlottesville, Virginia, using 
a microadaptation of Quick’s method devised by Kelly and Bray (68). Curve 4A was 
obtained during winter and early spring; curve 4B, during late spring and early sum- 
mer. Waddell and Guerry expressed their results in the form of prothrombin time (in 
seconds). In order to facilitate comparison, we have converted these values into ‘‘per- 
centage of normal adult values” with the aid of the conversion curve of Quick. 

Curve y, by Owen, Hoffman, Ziffren, and Smith (56), in Iowa Gty, using the two- 
stage prothrombin method of Warner, Brinkhous, and Smith (11-14). 

Curve d, by Kato and Poncher (70) in Chicago, using a micromethod devised by 
Kato (26). 

of Quick. Dr. C. A. Owen, of our laboratory, has recently confirmed 
this. On applying Kato’s method to newly bom infants in Iowa City 
he found levels similar to those obtained by Quick’s method and far 
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higher than those reported by Poncher and Kato. Furthermore, As- 
trowe, Palmerton, and Lea (97), using the method of Kato, found 
moderate prothrombin reduction at birth, followed by a marked fall 
on the second and third days. One seems justified in concluding that 
the clinical material studied in Chicago differs markedly from that in 
Iowa City and that both are unlike that observed in Milwaukee. In 
reaching this conclusion it is not necessary to assume that any of 
these reports are entirely representative of the respective communi- 
ties. On the contrary, each undoubtedly represents specialized 
classes of patients, studied under special conditions. 

We believe that the clue to these discrepancies lies in the conclu- 
sion of the Virginia group (55, 58, 63, 81) and of the workers at 
Johns Hopkins (59, 60, 73, 83, 86) that the vitamin-K intake of the 
pregnant woman has much to do with the amount of the vitamin 
received by the newborn infant and hence with the prothrombin 
level of the latter. Waddell and Guerry (63), working in Charlottes- 
ville, Virginia, showed that the prothrombin level of the newborn 
infant is much higher in summer than in Winter, presumably be- 
cause the summer diet of the mother contains more green vegetables 
and hence more vitamin K. For the sake of comparison we have 
summarized their summer results in curve 4A (Fig. i) and their 
winter results in curve 4B, It will be seen that the summer results 
are quite similar to the data of Quick and Grossman; the winter 
levels are almost as low as the values reported by Kato and Poncher. 
Neither Quick and Grossman nor Kato and Poncher were explicit 
regarding the season in which their studies were made or regarding 
the nature of the diet. It seems probable that certain classes of the 
population, especially the very low-income class, may be more or less 
deficient in vitamin K at all seasons of the year, and this is particu- 
larly likely to occur in large cities, such as Chicago and Milwaukee. 
It is worthy of note that, in the metropolitan district of New York, 
Beck, Taylor, and Colburn (20) found low prothrombin values and 
an unusually high incidence of hemorrhage. On the other hand, the 
birth level in Iowa City, shown in Figure i, is uniformly high. The 
reason, it would appear, is that most of the pregnant women in this 
series come from rural areas where the diet is of good quality. Fur- 
thermore, most of them arrive at the University Hospital several 
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days in advance of delivery. 'While there, they are placed on an 
abundant well-balanced diet which is probably in marked contrast 
to the prenatal treatment received by indigent patients in the large 
cities. 

All of the prothrombin methods thus far mentioned are one-stage 
methods. Curve 5, on the other hand, shows results obtained with 
the two-stage technic of Warner, Brinkhous, and Smith. According 
to this method, the prothrombin level at birth is low, and during the 
next few days there tends to be a small decrease, which is temporary. 
Normal levels are not reached for several months. Owen, Hoffman, 
Ziffren, and Smith (56), from whose paper these results were taken, 
suggested that the difference in results between the one-stage and the 
two-stage method is due to an alteration in the conversion rate of the 
prothrombin. They believe that altered rate of conversion may com- 
pensate for a relative lack of prothrombin. 

In addition to the data given in Figure i, there are additional re- 
ports which are of considerable interest. Dam, Tage-Hansen, and 
Plum (62) in Copenhagen at first reported that the birth level is al- 
most normal but that on the second or third day it falls to less than 5 
per cent of normal. Later, Plum (84) likewise noted a fall but found 
that the level was quite low even at birth. One may surmise that 
seasonal variations would explain this downward revision of the 
birth level in this clinic. 

One additional point of interest is evident from the data given in 
Figure i. The postnatal fall in prothrombin occurs most commonly 
on the second day. In the Iowa City series, however, the minimal 
levels are reached at the end of the third day. The slow fall in this 
series is associated with high initial levels, but there is obviously a 
delay in recovery. We believe that this is associated with the fact 
that in this hospital the newborn infants are rather carefully segre- 
gated from the mothers and nursing is not effectively begun as early 
as in certain other hospitals. 

The amount of vitamin K needed by the infant, and the source of the 
supply , — ^As mentioned above, the great importance of vitamin K in 
maintaining normal prothrombin levels in young infants is now 
thoroughly established. Waddell and Guerry (55) showed that hem- 
orrhagic disease of the newborn can be cured by the administration 
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of vitamin K to the infant. Later, they showed that the fall of pro- 
thrombin can be prevented by prophylactic administration of the 
vitamin to the infant (58). Heilman (59, 60, 73) and his associates 
reported similar results and found that the infaht could also be given 
protection if the vitamin were administered to the mother during the 
last few days of pregnancy. This is in accord with the concept of 
seasonal fluctuations already mentioned. From the work which they 



Fig. 2 . — Response of infants to variable dosage of vitamin K. The compound used 
as a source of vitamin-K activity was the water-soluble 4-amino-2-methyl-i-naphthol 
(Synkomin) kindly supplied by Parke Davis and Company. Administration was by 
intramuscular injection. These data are adapted with slight amplification, from the 
data of Sells, Walker, and Owen (24). 

have done it is evident not only that the low levels sometimes seen at 
birth are due to vitamin-K deficiency in the mother but also that the 
postnatal fall results from the fact that nursing is not effective until 
the flow of mother’s milk becomes abundant, i.e., on about the fourth 
day postpartum. 

Before discussing the merits of treating either the mother or the 
infant we wish to discuss briefly the problem of normal vitamin-K 
requirements of the infant. This problem has recently been studied 
by Sells, Walker, and Owen (24) of our laboratory. Their results, 
slightly amplified by new data, are given in Figure 2. In securing 
data for this chart the vitamin was given (a) prophylactically, in one 
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dose on the first day of life; (b) as a single curative dose on the sec- 
ond, third, or fourth day of life; or (c) in the form of daily mainte- 
nance doses. The uppermost curve shows that i jug., given daily, is 
adequate to maintain the prothrombin at the normal level. It had 
not been anticipated that such an exceedingly small amount of the 
vitamin would be effective, for the customary therapeutic dose, i 
mg., is one thousand times as large as this. Data, not given in the 
chart, showed that the same response could often be obtained with 
I /xg., but at this level the prothrombin fell somewhat in some cases. 

On giving the vitamin prophylactically on the first day of life it ‘ 
was found that lo /xg. would usually sufiice to prevent the fall shown 
in the untreated controls (Fig. 2). A single dose of i jug. had some 
effect but did not afford complete protection. An intermediate dose 
of s /xg. was also tried and was found to give complete protection to 
some infants but not to others. It is evident from these studies that 
the prophylactic method involves definite ‘‘wastage’^ of the vitamin, 
for, when given in this way, 5-10 /xg. are required to give the same 
protection obtained with 3-4 /xg. in divided doses over a period of 4 
or 5 days. 

In Figure 2 is also shown one experiment involving a single cura- 
tive dose of I /xg., given on the third day of life. The prothrombin 
level, 30 per cent of normal before the vitamin was given, rose to the 
95 per cent level in 10 hours. Additional studies made with smaller 
doses show that complete recovery is sometimes effected with a dose 
one-half as large as this, but as a rule the recovery is slow and is 
often incomplete. 

These studies, showing that the minimal vitamin-K requirement 
of the infant is extremely low, raise important questions as to how 
the needs of the infant are met. Practically all workers have com- 
mented on the fact that the prothrombin level rises out of the danger 
zone as soon as the infant receives adequate amounts of milk. 
Salomonsen (64, 65, 75, 80) showed that 30-60 cc. of milk daily suf- 
fices to keep the prothrombin at safe levels, but it is evident that the 
colostrum, being scanty in amount, is not adequate. It is known that 
milk is not a particularly rich source of vitamin K, and for this rea- 
son some workers have concluded that the milk served merely to 
introduce a bacterial flora into the intestinal tract and that vitamin 
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K was produced in adequate amounts by these bacteria. It is, in- 
deed, well established that many types of bacteria do produce vita- 
min K, but there are no data whatever regarding how much of the 
vitamin is formed in the intestine during the first few days of life or 
how much is absorbed. The assumption that the bacteria are impor- 
tant is purely hypothetical and is designed to fill what appeared to be 
a gap in the chain of scientific reasoning. From the data we have 
quoted it is evident that i ng. daily is adequate. The work of Sells, 
Walker, and Owen has shown quite clearly that a reasonable intake 
of milk does contain adequate amounts of preformed vitamin K to 
meet these mimimal requirements. The vitamin K contained in milk 
could be extracted with either and shown to be effective. The ex- 
tracted residue, containing the proteins and most of the carbo- 
hydrates, would presumably support bacterial activity in the intes- 
tine, and yet it was found to be relatively ineffective in preventing 
the fall in prothrombin. It seems necessary to conclude that the ef- 
fectiveness of milk is due mainly to its content of vitamin K rather 
than to the role of inciting bacterial synthesis of the vitamin in the 
intestine. 

In summary, it is evident that vitamin K is transmitted through 
the placenta; and, when large amounts are given to the pregnant 
woman, a certain amount of the vitamin is stored in the fetus. How- 
ever, under ordinary circumstances very little is stored ; and, owing 
to lack of food intake, the young infant quickly develops a deficiency 
unless the vitamin is artificially supplied. If the diet of the mother 
has been reasonably adequate, as in the Iowa City series, the pro- 
thrombin of the infant is at a safe level at birth. A single prophylac- 
tic dose of lo fig. is enough to maintain this level during the critical 
four days which follow. This same protection can be obtained by 
giving 1,000 fig. to the mother. It would appear that the vitamin 
may be distributed between mother and fetus almost in proportion 
to body weight. At any rate, the fetus obtains at least the necessary 
lo fig., and perhaps more. There is, thus, no good reason for believ- 
ing, as some do, that vitamin K does not pass readily through the 
placenta. Nor is there any reason for doubting that the tissues of the 
infant are competent to manufacture adequate amounts of pro- 
thrombin, provided vitamin K is present in proper amounts. In sup- 



VITAMIN K: CLINICAL ASPECTS 


223 


port of this view, attention is called to the prompt and complete re- 
sponse observed on administering minimal quantities of vitamin K 
to K-deficient infants (Fig. 2). 

In the practical matter of prophylactic therapy the question 
arises as to whether one should treat the mother or the infant or 
both. In treating the mother, most workers advocate giving 1-5 mg. 
daily during the last few days of pregnancy. With one exception (88) 
all workers agree that prolonged treatment is not necessary. Even a 
single dose, given less than 2 hours before delivery, appears to be 
effective in preventing the postnatal fall (91). There are some who 
doubt that prothrombin deficiency is an important factor in causing 
^‘early” hemorrhage, i.e., the type which affects the infant at birth or 
immediately thereafter. These workers prefer to give vitamin-K 
treatment to the newborn infant, not to the mother. No doubt this 
is a safe procedure in certain communities and with certain classes of 
patients. However, the data which we have already discussed show 
that in certain classes and at certain seasons the prothrombin level 
of the infant may be dangerously low at the time of delivery. 

It will no doubt be impossible to impress upon all concerned the 
desirability of giving synthetic vitamin K prophylactically to preg- 
nant women. In many cases it should be possible to meet essential 
needs of these women by placing proper stress on dietary factors. It 
is suggested that, in planning the diet of the pregnant woman, due 
consideration be given to the inclusion of items rich in vitamin K. 
These might include green vegetables and tomatoes, and perhaps 
even canned spinach in the winter months when fresh vegetables are 
scarce. The use of synthetic vitamin K can well be employed under 
the more ideal conditions of medical practice. 

In case the mother has received large supplements of vitamin K 
during the last few days of pregnancy, it is probably not necessary in 
most cases to give additional treatment to the newborn infant. If, 
however, the mother has had merely a “normaF’ diet, it is evident 
that the infant will require special attention. The flow of mother^s 
milk is extremely scanty for the first few days. In order to face this 
critical period the infant should be given 5 or 6 ounces of milk 
formula daily or should be given vitamin K in the form of special 
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medication. With most classes of patients it is possible to secure co- 
operation on one or another of these programs, depending upon 
financial, social, or educational status of the family. 
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